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ABSTRACT 

The metallographist uses the term "structure" to include those structural features 
which can be revealed by examination either with the unaided eye or by means of 
the microscope. By reference to numerous typical metallographic examinations 
made by the Bureau of Standards the general nature of the structure of metals, the 
methods for revealing it, and the dependence of the properties of the metal as a whole 
upon its structural features are discussed. 

Macroscopic examination may reveal any or all of the following: Chemical unhomo- 
geneity, crystalline heterogeneity, physical unsotmdness, and mechanical nonuni- 
formity. The common methods in use for revealing these features are described 
and illustrated. 

The microscopic examination necessitates the use of a suitable etching reagent. 
The principles underlying the action of etching reagents are discussed and a list given. 
The principal conditions which affect structure, chemical composition, application 
of heat, and mechanical working of the metal are discussed and illustrated by suitable 
examples. Most important, however, is the effect of structure upon the properties. 
The dependence of the mechanical properties and chemical behavior upon the struc- 
ttu'al condition of the material is discussed at considerable leng^. The results of a 
large number of "practical applications" of the study of the structure of metals are 
given to show how an explanation of the "failure in service" of different types of 
metals and alloys may be reached by this means. Such an explanation can often be 
arrived at by none of the other testing methods in common use. 
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I. PURPOSE OF CIRCULAR 

This circular is not intended to duplicate or to imitate any of 
the excellent treatises on the subject of metallography which have 
appeared in print within the last few years. It is desired rather, 
by reference to a series of typical specimens chosen from a great 
many which have been submitted to this Bureau for examination, 
to show the advantages of and the necessity for the metallographic 
examination as a means of obtaining complete and adequate 
knowledge of the properties of metallic materials. The circular 
will also aid very materially in answering the numerous inquiries 
received by the Bureau concerning proper and suitable methods 
for revealing metal structures and the interpretation of the results 
obtained. The circular supplements one of earlier date ' and, in 
addition to showing by means of typical illustrations the indus- 
trial importance of the method, summarizes different lines of 

• Metallographic Testing, B. S. Circular No. 42. 



structure and Properties of Metals 5 

metallographic testing for which the Bureau of Standards is 
equipped. A general view of the laboratory devoted to the study 
of the structure of metals is shown in Fig. i. 



The term " metallography" has come to be used by many in a 
relatively narrow sense as synonymous with "microscopy of 
metals." As used by the Bureau of Standards, however, the term 
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includes all those methods of examination which throw some light 
upon the structure and properties of metals and may properly be 
considered as synonymous with ''physical metallurgy/* The 
study of the structure of metals constitutes, then, only one phase 
of a complete metallographic examination of any material; sub- 
sequent publications similar to this are planned to cover other 
phases of the subject. 

n, INDUSTRIAL IMPORTANCE OF METALLOGRAPHY 

It is no longer necessary to oflFer arguments concerning the 
importance of the metallographic method. The remarkable 
growth of metallography in the last few years, together with the 
proportionately widened scope of its applications, is suflficient and 
ample evidence of the value of the method. From a relatively 
unimportant branch of physical chemistry it has been developed 
into a, means of investigation of the properties of metals and 
alloys on a par with the older methods of chemical and mechanical 
testing and is very frequently of service in explaining difficulties 
which are inexplicable by the other and older methods alone. 

It is in the metallurgy of iron and steel that the metallographic 
method has found widest application. This is only a natural 
consequence of the great industrial importance of steel as well as 
of the complex nature of the alloy itself. For the purpose of sup- 
plementing and interpreting the results of chemical analysis of 
such metallic products the method is of great importance. By 
means of preliminary examinations of specimens to be sampled, 
the unhomogeneity of the material may be determined so that a 
sample may be chosen in such manner that it will properly rep- 
resent the material. On the other hand, at times it is desirable 
to choose the sample so that it will demonstrate in what manner 
the composition of the special material differs from the normal. 
Likewise the knowledge gained from the examination will aid in 
explaining apparent discrepancies obtained in the analysis of 
samples taken from different parts of the specimen, or from sup- 
posedly similar specimens. 

The physical properties of an alloy are much more closely 
related to the minute structure of the material than they are to 
the ultimate chemical composition. To-day no one questions the 
value of chemical analysis in metallurgical work, but the metal- 
lographic examination when properly interpreted may be of far 
greater value than the chemical — ^for example, in explaining the 
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properties and predicting the uses of the jfinished product. The 
nature of the various microconstituents comprising the alloy, 
their relative size and distribution, the occurrence of extraneous 
substances or "inclusions,'* the structural eJBFects of thermal and 
mechanical treatment, together with other features revealed by 
the examination, are factors of supreme importance in determin- 
ing the properties of the material. By way of illustration, a 
medium carbon steel may be mentioned; this alloy may have 
mechanical properties ranging at one end from those of a very 
hard metal of no appreciable ductility and almost impossible to 
machine, to one at the other extreme, fairly soft and ductile and 
readily machined. The composition is constant throughout and 
tells us nothing. For the proper explanation a knowledge of the 
structtu"al condition which has been brought about by the various 
treatments to which the metal has been subjected is necessary 
and usually sufficient. 

All tests of metals are for the general purpose of determining 
the suitability of the material for some specific use ; the mechanical 
properties are therefore in many cases the ultimate criteria. As 
in the case of chemical analysis the metallographic examination 
can be made of inestimable service in mechanical testing. The 
selection of specimens may determine absolutely the validity 
of any conclusions drawn from tests. Not only may the small 
test specimens be properly taken so as to represent the larger 
mass of metal, but the results obtained in the test may be most 
properly interpreted in terms of the structure of the material, and 
for purposes of comparison it is necessary that the materials be 
in the same structural condition. In the following discussion 
these features are treated more fully. 

A knowledge of the chemical composition is essential to a full 
understanding and interpretation of the structural condition of 
any metal or alloy, and to a somewhat lesser degree mechanical 
testing is also. Conversely, a knowledge of the structural condi- 
tion supplements and explains the results of the other two methods 
of testing. All three are mutually interdependent and necessary 
for a full tmderstanding of the properties of any metal. 
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ni- METHODS FOR REVEALING THE STRUCTURE OF 

METALS 

1. DEFINITION OF STRUCTURE 

The term ** structure'' when employed with reference to metals 
and alloys is used in a somewhat restricted sense. The metal 
microscopist ordinarily does not include in his definition of this 
term such characteristics as the minute crystalline structure, the 
arrangement of atoms, and such other fundamental features of the 
structure of matter as may be revealed by suitably refined means. 
The term is used to include those features for revealing which no 
refinement greater than that of the modem compound microscope 
is necessary. It should be borne in mind, however, that in a few 
special cases recourse must be had to very special means for suit- 
ably revealing the structural features of the metal. 

2. MACROSCOPIC EXAMINATION 

The study of the structure of any metal most properly begins 
with the macroscopic examination of the specimen; that is, with 
an examination which does not involve any magnification other 
than that obtained by the use of the simple magnifier. It is quite 
evident that the knowledge of the gross structure of alloys and 
metals gained by the preliminary macroscopic examination is 
very helpful in understanding properly the more minute features 
revealed by the microscope in exactly the same way that a knowl- 
edge of the anatomy of the human body must be used as a back- 
ground in which to fit the information gained by a study of the 
histological or minute features of the various tissues which make 
up the body. Although this survey is usually made for the 
purpose of revealing chemical unhomogeneity, generally by some 
suitable etching method, other important structural features are 
often revealed. Some of these are: Crystalline heterogeneity — 
for example, relative size, shape, and arrangement of crystal 
grains, lack of grain refinement, persistence of ** casting struc- 
ture'* after heat treatment and mechanical working; physical 
unsoundness such as "flakes" and internal fractures, blowholes, 
gas cavities, and porosity ; variations in structure due to heat treat- 
ment incidental to such processes as welding and oxy acetylene 
cutting of metals; local deformation caused by such processes as 
riveting and punching; and other structural features that may 
occasionally be met. By special methods information relating 
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to the mechanical state of the metal — that is, the distribution and 
relative magnitude of internal stresses — may also be gained. 
The different methods in use for the study of the macrostructure 
of metals may be best described in connection with the different 
purposes for which macroscopic examinations are made. In the 
following discussion the applications for the study of the ferrous 
alloys will be described in much greater detail than for the non- 
ferrous ones, inasmuch as the method has been developed for the 
•study of iron and steel to a higher degree than for other metals. 

(a) CHEMICAL UlfHOMOGENBrTY AND CRYSTALLINE HETEROGENEITY 

One of the most serious and most common of the defects of 
alloys revealed by macroscopic examination is the lack of chemical 
homogeneity. Such variations in composition may be brought 
about in the material intentionally as, for example, in case- 
hardened steels, partially malleableized cast iron, and similar 
products, in which case it is hardly to be classed as a defect. In 
the greater number of examples by far, however, chemical unhomo- 
geneity represents an undesirable state resulting from conditions 
of manufacture, such as segregation and liquation. Such con- 
ditions often are so pronounced that they persist in the metal 
throughout the different treatments, both mechanical and thermal, 
that it receives, and so appear in the metal in its finished state. 
They may thus serve the useful purpose of furnishing a record of 
the plastic flow of the metal during the various manufacturing 
op)erations, as will be referred to later. Variations in the chemical 
composition of any alloy quite generally result in a differential 
attack of the material when it is subjected to the action of a 
corrosive or etching reagent of any kind. The greater the dif- 
ferences in composition in different portions of the metal, the more 
pronounced are the relative diflFerences in the etch pattern which 
results. 

The most commonly used etching reagent for steels for macro- 
scopic examinations is an aqueous solution of copper-ammonium 
chloride (Heyn*s reagent). The solution usually recommended is 
approximately 8 per cent in strength, 10 g in 120 cm" of water. 
The solution keeps indefinitely and, if desired, may be diluted 
somewhat when used. The experience of the Bureau of Stand- 
ards indicates that a somewhat weaker solution than the above, 
the specimen being etched two or three times in a fresh solution, 
if necessary, is the most convenient way to use this reagent. 
The specimen, after it has been sectioned and roughly polished, 
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carefully cleaned free from oil marks or finger prints by washing 
in alcohol or gasoline and then dried, is immersed in the solution, 
polished surface up. Care must be taken so that the solution 
quickly covers the entire surface, that no air bubbles are en- 
trapped, and that the liquid is agitated gently; otherwise queer, 
misleading markings on the etched surface may result. If desired 
the surface of the metal may be rubbed with a little emery flour 
on the tip of the finger, washed with water, and immersed while 
still wet so as to promote the even flow of the etching reagent 
over it. A coating of spongy copper forms over the face of the 
specimen; this is easily removed, however, with a swab of wet 
cotton, if the etching solution was of the proper concentration, 
and the portions of high carbon, sulphur, and phosphorus content 
will be found to have been darkened as a result of the etching. 
If the copper film adheres and can not be removed, because of 
improper concentration or temperature of the solution, a dilute 
aqueous solution (approximately 0.5 per cent) of ammonium 
persulphate will facilitate in its removal. 

Results somewhat similar to those of He3nn*s reagent may be 
obtained by the use of a solution of iodine (10 g iodine, 20 g 
potassium iodide, and 100 cm' water). The etch markings are 
not so clearly defined, however, as in the case of the copper- 
ammonium chloride solution. The iodine solution was formerly 
used much more than it is at present. 

Concentrated acid may be employed to advantage to reveal 
chemical unhomogeneity. Hot (100° C) concentrated hydro- 
chloric acid is often used, although others are sometimes pre- 
ferred by different workers. Such other acids used include i-i 
nitric acid, various concentrations of hydrochloric acid, dilute 
sulphuric acid (20 cm' concentrated acid, 100 cm' water), and 
various other mixtures. The general result is the same in all 
cases. The highly contaminated portions are etched out, and the 
surface is roughened considerably. The etch pattern produced 
by a prolonged attack by a dilute acid is often much less sharp 
and distinct than one produced in the same material by a rapid 
attack by a concentrated acid. A prolonged etching — ^for exam- 
ple, 4 or 5 hours — in 5 per cent alcoholic solution of picric acid 
is often very useful, however. The deeply etched specimen may 
be used for producing a permanent record by inking the face with 
printer's ink and making a print on paper. Fig. 2, which shows 
the head of a rail submitted to the Bureau of Standards for 
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Via. 2. — MacTOiiructurt of the head of a segregated rail inhich failed it 
by variant eUhing reagenU. X 3I4 

Note tlut some of tlir rcaiEnts arc mucli [zurfFOixtivFlluii others in revcaliDKlhcsefTeDtcd ccntne' 
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of the character shdwa win al necessity lead toiailure of the rail. Tbe character of the service is the deci- 
sive factor. Metliods of etchinsT (n) .Sulphur print, (t) aiiueout solutioo of copwr anuoonium chloride 
IHeya'sreaeeat), {it aqueous solution of iodise and potassium iodide, <^ acidulated alcoholic solution of 
cupric chloride (!Htad'> reafeni). (ij hot conomtrateil hrdrocblorlc add. (/> print ol the deeply etched 
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examination after failure in service in the track, illustrates the 
use of the various reagents described above. It is very evident 
that the results of chemical analyses of the rail shown by several 
analysts might differ very materially according to the location in 
the rail of the sample used for the analysis. 

rig. 3 shows the appearance of a specimen deeply etched with 
concentrated hydrochloric acid. The specimen was a portion of 
a larjje steel casting which broke during shipment. Although the 



FiQ. 3. — Macraitruclure of a defective steel coiling reveaUd by deeply etching uilh hoi 
eoncentraied hydrochloric acid. X I/2 



material had been given the usual specified annealing for grain 
refinement, the metal was so porous and segregated in character 
that the original structural pattern, and also the accompanying 
inferior mechanical properties, were largely retained and not 
materially improved by the annealing. 

A reagent of decided merit for revealing the macroscopic fea- 
tures of iron and steel is an aqueous solution of ammonium per- 
sulphate ( I or 2 gin 10 cm' water). This has long been recognized 
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as one of the best reagents for etching copper alloys, but its appli- 
cation to the ferrous alloys has been neglected." It reveals 



Flo. 4. — Macroilructure of fusion welds and of segregaUd steel, illustrali«y the advan- 
tages nf ammonium persulphate as an etching reagent. '■', \ 
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chemical unhomogeneity as well as do the reagents mentioned 
above and has the added advantage in that it shows crystalline 
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heterogeneity in a very striking manner. It is probably the best 
reagent for iron and steel for showing this phase of the structure. 
Fig. 4 illustrates results o1 >tained by its use. 

In addition to the above reagents a number of others are used, 
some of which are intended for special purposes. A reagent 
described for demonstrating the distribution of sulphur and 
phosphorus in steel is an acidified aqueous solution of mercuric 
chloride (lo g merciu-ic chloride; 20 cm' hydrochloric acid, 1.12 
specific gravity; water 100 cm'). When the specimen is immersed 
a black precipitate forms on the areas of high sulphur content, 
while yellow specks indicate the higher phosphorus areas. The 
reagent is usually applied on thin silk, which is pressed firmly 
against the face of the specimen and a permanent print is thus 
made. The reagent is but little used in this country because the 
same information may be obtained more easily with other reagents. 

The distribution of sulphur is usually shown by the so-called 
sulphur-print method. The steel specimen is sectioned, and the 
surface, after being smoothed off with a file, is pressed firmly 
against a sheet of photographic paper which has been moistened 
with a dilute sulphuric acid solution. Two cm' concentrated 
acid in 100 cm' water is the concentration generally used, though 
in many cases a more dilute one may be used to advantage. 
Particularly is this the case with metal very high in sulphur and 
also for very large specimens where considerable time is needed 
for placing the paper in position. Mat-finish paper should be 
used. It is extremely difficult to prevent glossy paper from 
slipping on the metal surface, in which case a blurred print 
results. A fine polish of the surface, such as is essential for 
microscopic examination, is not necessary nor desirable for sul- 
phur printing. Very clear prints can be made on surfaces 
finished with a medium fine file. Bromide paper or any of 
the common developing photographic papers may be used. 
The work of LeChatelier and Bogitch * indicates that the 
darkening of the sensitized surface of the photographic paper 
is caused by the action of the acid upon the sulphur alone and 
not by the combined action of sulphur and phosphorus, as has 
formerly generally been supposed. The assumption is always 
made, however, that any unhomogeneity which may exist for the 
metalloids other than sulphur occurs under the same conditions 
as does that of sulphur, and that the distribution of sulphur 

* H. I>Chatelicr and B. Boffitch. "Macrosraphie des aciers," Rev. de M^tallurgiCi ^Memoirs 16, p. 139. 
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recorded in the sulphur print is an index of the distribution of the 
other constituents of the steel also. Fig. 2 shows this similarity 
of sulphur print to the etch patterns obtained by the usual etching 
methods. The length of time required for printing depends 
upon the strength of the acid solution used and the sulphur 
content of the metal. When steels high in sulphur axe used, 
several prints may be made without regrinding the surface, by 
progressively increasing the printing time considerably for prints 
after the first one. - By the use of a suitable press, prints which 
are as clear and definite as the photographs of the etched surfaces 
may be obtained. 

By means of a specially prepared gelatinous emulsion of silver 
bromide the sulphur-print method may be extended to the study 
of fractures. Directions for the preparation of the emulsion have 
been published. *'• This special application of the method is but 
little used, however. 

An acidulated alcoholic solution of copper chloride is often used 
to reveal the distribution of phosphorus. Various formulas for 
preparing this reagent have been recommended by different 
investigators. In general, however, the results obtained are 
very similar for all of them. The formula of Stead (copper 
chloride, 10 g; magnesium chloride, 40 g; concentrated hydro- 
chloric add, 20 cm'; and alcohol to make 1000 cm') and 
that of LeChatelier (95 per cent alcohol, 100 cm'; water, 10 cm'; 
copper chloride, i g; picric acid, 0.5 g; and concentrated hydro- 
chloric acid, from i to 3 cm') may be cited as representative. 
After an immersion of about one minute, the previously polished 
and cleaned surface of the specimen will usually be found to be 
covered in certain portions with a firmly adhering film of copper. 
Other parts remain clear or uncoated. The copper-coated 
portions are generally considered to be of lower phosphorus con- 
tent than the clear or slightly coated portions. Other elements 
in solid solution, however, such as nickel, may produce a similar 
differential precipitation of the copper, and the work of LeChate- 
lier and Bogitch ' appears to indicate that the reagent is pri- 
marily useful for demonstrating the distribution of oxide within 
the steel, the other indications being only secondary ones. Fig. 5 
shows a portion of a shrapnel shell which was etched with this 
reagent 

^ F. Rocers. "The investication of fractures." J. Iron and Steel Inst., 85. p. 379; 19x2. 

* A. Pnrtevin, " Les cassuresd^ectueuses," Rev. de M^taUurgie, Memoirs, 16, p. 340; 1919. 

' H. LeChatelier and B. Bogitch, "Macroflraphle des aciers," Rev. de M^Ullurgie. Memoirs, 16, p. 129; 
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The cupric reagents have largely supplanted the method of heat 
tinting for showing the distribution of phosphorus. However, 
this latter method is very useful for cast iron, particularly for 
microscopic examination, as will be referred to later. 

For revealing the macrostructural features of brasses, bronzes, 
and similar alloys of high copper content, an aqueous solution of 
ammonium persulphate is very often employed, although an 
acidified solution of ferric chloride or an ammoniacal solution of 
copper-ammonium chloride may be used with very good results. 
The relative size and arrangement of the crystals are the features 
in which one is most interested; that is, in addition to the matter 
of soundness in the case of castings. In this case, however, an 



—Macroitruciute of forged sleel {lungiludimtl section of the head of a shrapnel 
thell) Teuealed by etching uitk cupnc chloride {Siead's reagent). X 4/5 
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etching is usually unnecessary. In Fig. 6 specimens are shown 
to illustrate the usual macroscopic features of copper alloys. 

The reagent commonly employed for etching aluminum and 
its alloys to reveal the macrostructure is an aqueous solution of 
sodium hydroxide {approximately lo per cent). It is customary 
to heat the specimen in the solution until the surface is sufficiently 
etched. A combination of alkali and hydrofluoric acid etching 
has been highly recommended by Carpenter.' The specimen is 
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etched in an alcoholic solution of sodium hydroxide to remove the 
"flowed" surface metal. When the surface has been faintly 
etched, the sample is transferred to a dilute aqueous hydrofluoric 
acid solution (i or 2 per cent) and allowed to remain until the 
etching is complete. 

Fig. 7 shows specimens of an aluminum alloy, designated as 
"conducting aluminum" arid of the approximate composition — 
silicon, 0,5 per cent; iron, 0.5 per cent; magnesium, 0.7 per cent; 
aluminum, remainder — etched so as to reveal the macrostructure. 
The occurrence of minute pores of intercrystalline cavities in 
castings of light aluminum alloys is a matter of grave importance. 
Their presence can often be 
J detected in suspected metal by 
immersing a polished specimen 
in alcohol colored with picric 
acid or some other brightly 
colored dye. The specimen, 
after rapid washing to remove 
all traces of the dye on the 
surface, is dried and allowed 
to stand in a warm place. The 
j porosity of the metal is often 
indicated by the appearance 
of colored spots on the surface 
num altov X 2 ^^ ^^ colored alcohol evapo- 

rates from within the internal 
" cavities in which it was inclosed . 






udiun hydroxide 

(!■} PHYSICAL UHSOUKDNESS 

Much of the evidence of this phase of the structure of metals 
is furnished by a simple visual examination. In case the unsound- 
ness is of a minute character the method described above for 
aluminum may be used. In other cases very special means must 
be used. If the surface of the specimen is carefully machined, 
a very light finishing cut with a very sharp tool being made, 
evidence as to the true state of the soundness of material is often 
made available which can be obtained in almost no other way. 
The ordinary methods which involve polishing and etching exag- 
gerate the features of unsoundness to a considerable degree. 
In many -alloys and metals which are rather coarsely crystalline 
careful machining is often sufficient also to reveal the structure 
of the material to a very surprising degree. 
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An examination by means of X rays is often of value if the 
specimen is not too large. The features revealed by this method 
of examination are primarily those which result from considerable 
differences in density, hence it is of great value in locating internal 
cavities and similar flaws. Ordinary segregation can not be 
revealed by this means, although it has been successfully used in 
detecting such features of composition as resulted from the 
addition of a lead alloy for filling cavities in light aluminum 
castings. Specimens of steel to be examined by this means should 
not exceed one-half inch in thickness. As a general rule, the 
thicker the specimen the more pronounced must be the defect 
in order that its presence can be revealed by this means. This 
Bureau has found radiographic examination most useful in fol- 
lowing the effect of a series of successive treatments, thermal and 
mechanical, upon certain internal defects such as are shown in 
Fig. 8. The flaws revealed by the radiographic examination are 
of the same character as those described later (Sec. V, i, c). 
It is evident from Fig. 8 that they have not been eliminated by 
the treatments to which the steel was subjected. On the other 
hand, they appeared to have been accentuated. This method 
has also been used to advantage in the examination of test bars 
preliminary to carrying out a test, particularly such tests as are 
very time consuming, as fatigue, or such tests as would be in- 
fluenced greatly in their results by internal defects, for example, 
impact.® 

For detection of cracks, such as may be produced by 
hardening by quenching and similar operations upon steel, a 
magnetic method will be found very useful. The method is par- 
ticularly valuable for revealing them in an early stage in the 
shaping of an article — for example, precision gages and similar 
pieces which must be ground to size — so that defective specimens 
may be discarded without much expenditure of wasted effort. 
The roughly polished specimen is magnetized and then immersed 
in a light oil containing very fine iron dust in suspension. Kero- 
sene and ** cast-iron mud," such as is obtained from lapping disks, 
may be used. The iron particles bridge across any slight dis- 
continuity in the surface of the specimen and locate very accurately 
the system of surface cracks. The excess of iron dust may be 
removed by bathing the specimen in alcohol or clean kerosene. 
The method has also been successfully used for the detection of 

' Henry S. Rawdon, "Some applications c^ metal radioeraphy," Proc. Am. Iron and Steel Inst.; Octo- 
ber, 1 91 9. 
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Fig. 8. — Defects, "fiaktt," in forged gun sUel reiieal«d by radiographic txaminaliott, 
Apptoximattly X i 
A ndiocraph at the specimen whs tiilceii after each at the treatmenti luted below. Tbe tieel platt U 
inch thick, contoinidv three holes < while ipoUia radioETHpha) drilled iwrtly through Eor relerence [>oinli, 
was i^Aced go th:it the direccioa of the X-raymincided with the plaoe of the defect. Each white line in 
the rndiofraph [cpmcnts a "lliilfe" or defect Trmtmcals: (u) FotrIqr, asmciveil, (6) specimen a after 
unealitiiz 30 miQutes at goo° C. f urtucv coolpd, ic} specimen b heated 3a miaula at qoo° C and quenched 
■noil, 4i/) si>ecinim f hcatrd omiautrs at jq^o" C and quenched in oiL. The successive radiographs indi- 
catr the persistence. of the defects after the thermal treatment* (iven the mateTid. Expatiu*. ^iaiSi 
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internal fractures in wrought-stee! parts.'" Fig, 9 shows specimens 
■which have been treated in this manner. 

(() MECHAMICAL HOirnHITORSUTy 

The examination of metals for mechanical nortuniformity — 
that is, for the presence of internal stresses of high magnitude 
which may later lead to serious deterioration — may be noted here. 



Fig. 9. — Physical unsaundnest of ttttl reveaied by magnetic examination 

1) Roushly polbhed suriut oi  pmMon EMC blodl. X .!^. W Sainrimi.D»cn«izcd and balliHl 
[trDsnucDnuiBitMlSilelnilldustill RDpcnrina: note the network alfinr "hMrdrmnE" ctu±9 revealed. 
%. <c) Scctiai oi suel Iran head of a nil ONttBldlllg iDlenul Incuro lenaled by method □[ b. X J- 



Fig. 10 a shows a portion of a cold-worked rod of manganese 
bronze which has been immersed in a solution of raercurous nitrate 
acidulated with nitric acid. The cracks which were formed by 
the action of this reagent may be taken as an indication of what 
would .undoubtedly have occiured spontaneously later in service." 

" H. 3, RawdoB and S. BpMeJn. UetalloKnpUc Featum Revealed by the Deeii Gtdiinc of Stid, 
B. S. I^ch. Papoi, No. igi. 

>' H. S. Kawdon. " The lue of memiry Hlutioiu [or pndktliis the leaioD cniUia of bnut," Fnc. 
Am. Soe. ItR-TatbwMatenali. 17, parti, p. iBe: 1917. 



22 Circular of the Bureau of Standards 

Materials which crack readily when treated in this manner can be 
shown by other means to be highly stressed internally." 

Steel parts such as balls and roller bearings which are very 
vigorously hardened indicate by their behavior upon etching in 
the proper manner that a similar condition obtains there. Fig. 
lofe shows several hardened steel balls which split when they 
were etched with hot concentrated acid; cold-rolled steel shafting 
will sometimes behave similarly when etched in the same manner. 



Hi/otmily of iiroughl melali mealed by deep etching 
tincfrnm deep rtchine may h« nrediiod "anoiltnnw'jsly" in w 



ai d«Tdy etch«l with 



The cracking of the metals illustrated above when subjected to 
the proper etching reagents, and the similar deterioration, " season 
cracking," which may occur spontaneously in service, are not to 
be regarded simply as a result of structural variations. However, 
the distortion of the structure in the cold-worked metals in which 
such conditions occur is very pronounced and undoubtedly is 
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contributory in a very large degree to the unusual behavior of the 
metal. 

The various features revealed by the microscopic examination 
of metals may be summarized under the following types: 

1 . Chemical unhomogeneity, the result of segregation, liquation, 
decarburization, cementation, and similar causes. In wrought 
metals lack of complete chemical homogeneity often serves the 
useful purpose of furnishing a record of the plastic flow of the 
metal during the various manufacturing operations. This is 
generally revealed by etching. 

2. Crystalline heterogeneity, resulting from the rate of cooling 
and local variations in the cooling. Local overheating may also 
contribute to this. Etching with ammonium persulphate is ad- 
mirable for revealing crystalline heterogeneity m both steel and 
copper alloys. 

3. Mechanical nonuniformity, or presence of internal stresses. 
When the condition is very severe it may be revealed by deep 
etching with mercury solutions for copper alloys and concen- 
trated acids for steels. 

4. Physical unsoundness, blowholes, porosity, "flakes," in- 
ternal discontinuities, etc. X-ray and the magnetic examina- 
tion, in addition to visual examination, may be used to show such 
features. 

3. MICROSCOPIC EXAMINATION 

(a) SBLBCTION OP TYPICAL SPECIMENS 

The purpose of the microscopic examination will usually be 
the deciding factor in the selection of the specimens. However, 
there are certain principles which may be mentioned governing 
the sampling of materials for examinations of this kind. Areas 
of segregation (as determined by a preliminary macroscopic 
examination) must be carefully avoided if a structure representa- 
tive of the alloy is desired for observation; on the other hand, 
specimens should be taken from the zone of segregation if the 
subject of impurities is of prime consideration. Usually, for 
alloys which have been mechanically worked, specimens should 
be chosen so as to represent the changes brought about by the 
working; that is, sections parallel to and others perpendicular to 
the direction of working should be examined. In materials which 
proved defective in service, some specitnens at least should be 
taken immediately adjacent to the fracture, or defects. In such 
cases as these, in which the metal up to the extreme edge of the 
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specimen must be examined, the specimen must be protected in 
some way during the process of grinding and polishing. A method 
for doing this is described below. 

(6) PREPARATION OF SPECIMENS 

During the preparation— that is, the grinding and polishing— 



of the specimens for microscopic examination the edges are 
rounded and beveled off somewhat unless care is taken to pro- 
tect them. In many cases such a precaution is absolutely neces- 
sary, for example, casehardened steels, coated metals, the frac- 
tured ends of test bars, etc. Often specimens available are too 
small for use unless held in some kind of a matrix. For all such 
cases it is very convenient to coat the specimen with a heavy 
deposit of electrolytic copper, to mount it in a matrix of some 
kind, and then to cut and polish a section through the resulting 
duplex specimen. 

The common acid-sulphate bath, consisting of 250 g crystal- 
lized copper sulphate, 50 g (approximately 30 cm'*) concentrated 
sulphuric acid, and water sufficient to make one liter of solution, 
may be used for the solution in which the specimens are copper- 
plated. For iron, steel, zinc-coated articles, and the like, it is 
necessary to plate the specimen with a thin coating first in a 
slightly alkaline bath before using the acid-sulphate bath, other- 
wise a spongy deposit will result if the specimen is inserted di- 
rectly into the acid-sulphate bath. This preliminary coating 
may be very conveniently deposited by means of a cuprous 
cyanide bath. Such a solution may be made as follows: The 
precifritate formed by mixing aqueous solutions of 300 g each of 
copper sulphate and sodium carbonate (crystallized) is added to 
5 liters of water. This is then reduced to the cuprous condition 
by adding i liter of water containing 200 g sodium bisulphite. 
A more convenient way, however, is to bubble sulphur dioxide 
gas from a cylinder of the liquefied gas through the liquid and the 
suspended precipitate until the color indicates that the reduction 
is complete. One liter of water in which 250 g crystallized 
sodium carbonate have been dissolved is added, this is followed 
by a liter of water containing 250 g potassium cyanide in solu- 
tion, and the whole, which upon shaking should give a clear 
solution, is diluted to a volume of 10 liters. Cuprous cyanide for 
the direct preparation of the solution may be purchased from 
most dealers of electroplaters' supplies. 
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In many cases, particularly with copper alloys, it is very 
desirable to deposit a preliminary layer of nickel before the 
heavy copper layer is added, so that there will be no imcertainty 
as to the line of demarcation between specimen and coating. 
This has been found very necessary in such problems as the 
microscopic study of corrosion of brasses and bronzes. A very 
convenient solution may be made up as follows : Nickel ammonium 
sulphate, 90 g; ammonium chloride, 22.5 g; boric acid, 15 g; and 
sufficient water to produce a volume of i liter. 

After the specimens are heavily plated they are mounted as 
follows: A short section of brass or other tubing is filed smooth 
on one end and placed, with this smoothed end down, upon a 
block of graphite. The specimen is placed inside the tube with 
the face to be examined down and then backed up with a matrix. 
Molten 50-50 lead-tin solder is used a great deal where gentle 
heating of the specimen is not objectionable. In the case of 
hardened steels, etc., an alloy of very low melting point, for 
example, Rose's alloy (lead, 28 per cent^ tin, 22 per cent; and 
bismuth, 50 per cent; melting point, approximately 95° C) or 
Wood's alloy (lead, 25 per cent, tin, 13 per cent; bismuth, 50 
per cent, and cadmium, 12 per cent; melting point 65° C) may 
be used. A much cheaper substitute that is very suitable for 
almost all classes of work is made by mixing litharge (PbO) and 
glycerin in the form of a thick paste. This is poured around the 
specimen and will set and form a very hard surface which does 
not interfere with the polishing of the metal. It is sometimes 
necessary, however, to detach the specimen from such a matrix 
after polishing before etching; this is particularly true if alkaline 
reagents such as sodium picrate are used. Often it is very con- 
venient to cut a cavity in the graphite block so that the specimen 
which is inserted into the depression will project beyond the face 
of the solidified matrix which holds it. The projecting portion 
is then cut oflf with a fine hack saw and the metal ground and 
polished without removing as much of the whole as would have 
been necessary if the specimen had been mounted flat within the 
ring. 

In Fig. II some applications of the plating and mounting of 
metallographic specimens are shown. 

The subject of the mechanical preparation of metal surfaces for 
microscopic observation has been discussed in detail in all of the 
reference works on the subject of metallography and need not be 
repeated here. The precaution that should be always borne in 
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i. 11. — IllustTations of Ihe proper method of mounting very small metallic specimens 

1) Pr4uhed face ci a Aptdmrn prcparni for microKiw 
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mind as a guide in this work is that a buffed surface is not suitable. 
A cutting action must be maintained throughout. The number 
of steps varies considerably with different alloys and with different 
workers. The following method has been found very suitable at 
this Bureau for the preparation of ordinary specimens — steels, 
brasses, etc. 

Grinding motors with a variable speed of 500 to i ,200 rpm which 
carry aluminum disks at each end of the armature shaft are used. 
To these disks emery paper is attached; the number of grades of 
paper used varies, for the greater part of the work three steps 
having been found sufficient after the preliminary smoothing of 
the specimen with a file, smiace grinder, emery wheel, etc. These 
are domestic (American) emery paper >2, Hubert (French) i G, 
and Hubert o or 00. It is very essential that the specimen have 
a flat surface at the start, otherwise the process of polishing is 
very long, tedious, and expensive in time and supplies. 

The grinding of the specimen with the finest emery paper is 
followed by wet grinding on cloth-covered disks, kersey being 
used in preference to the usually recommended broadcloth. As a 
fine abrasive "3 F alundum'* and **S F emery flour*' are very 
suitable. The final polishing is done on a similar cloth-covered 
disk by means of levigated alumina. 

The lack of a uniform method among manufacturers for desig- 
nating the different grades of emery papers, emery powders, etc., 
renders it difficult to describe concisely the preparation of the 
surface. For this reason there is shown in Fig. 12 the surface 
condition resulting from the use of various grades of papers and 
abrasive powders upon a specimen of annealed medium-carbon 
steel. 

The procedure given above must often be changed to suit the 
alloy; for example, aluminum is best prepared by cutting on a 
fine file under kerosene, grinding at low speed on the finer grades 
of emery paper which are kept wet with alcohol, kerosene, or 
the like, and then finished by hand on a cloth-covered polishing 
block with fine levigated alumina. Other soft alloys and metals 
can be prepared similarly. 

For the examination of some unusual features of structure it 
is sometimes desirable to carry out the entire process by hand. 
These cases, however, are quite rare. It has recentiy been shown " 
that the working of the surface during the process of grinding 

" H. C H. Carpenter and C. P. Elam, Crystal growth and Recrystallization in metals. J. Inst, of Metals, 
No. 2; 1920. 
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and polishing is sufficient to cause recrystallization of the surface 
metal in the case of some of the softer metals and alloys. The 
real structural condition of the metal can be revealed only by a 
series of alternate polishings and etchings; the supplementary 
etching during the process of preparation is for the purpose of 
removing the recrystallized metal at the surface. 

(c) METHODS OF ETCHING 

For the microscopic examination of most alloys the polished 
surface of the specimen must be properly etched in order to 
reveal the structure, although a preliminary examination of the 
polished but unetched material should be made because some 
features, for example, inclosures, are best seen and recognized 
when the specimen is unetched or at least only slightly etched. 
While there are certain general principles which must be observed 
in the choice of a suitable etching reagent for any particular 
alloy, there is without doubt more chance here for individual 
preference than in any other phase of the study of metal structures. 
A comprehensive study of the action of the various metallographic 
etching reagents upon different types of metals and alloys is in 
progress at this Bureau. 

The results already obtained " indicate that oxidation is of 
fundamental importance in the successful etching of copper and 
the copper-rich alloy and presumably also for a great many of 
the other alloys. Many reagents which ordinarily have only a 
very slight solvent action upon copper or copper alloys may be 
used successfully for purposes of etching if the action is intensified 
by oxidation. This may be done either by additions of oxidizing 
reagents or by passing oxygen gas through the etching reagent 
while the specimen is immersed. 

In some cases the use of two or more different t5rpes of etching 
in succession for the same specimen is desirable, no attempt being 
made to remove the results of the first etching before the second 
reagent is used. The second or supplementary etching may be 
either for the purpose of making prominent a constituent or 
structural condition not plainly revealed by the first reagent 
(Fig. 18 a and 6), or for removing a surface film caused by the 
products of first-etching reaction. This is often necessary in 
etching with silver nitrate, as an obscuring film of silver precip- 
itated over the face of the specimen must be removed before the 

^* H. S. Rawdon and M. G. Lorentz. Metallographic Btchinc Reagents: I, for Copper, B. S. Sd. Papers. 
Na 399- 
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true structure of the etched metal is revealed. However, this 
taay often be removed with a moist cotton swab. Likewise, in 
the etching of aluminum an obscuring black deposit resulting 
from the action of the etching reagent must be removed by 
immersing the etched specimen in a suitable second solution. 

Below is given a list of most of the common reagents in use at 
the Bureau of Standards. To give anything like a complete list 
or instructions for use is manifestly impossible. 

TABLE 1. — ^Metallognphic Etching Reagents for Revealing Microstnicture 



Material 



Copper and eopper-rlch al- 
loys (bnia, bronze, ahunl- 
nun bronze) 



Aluminum and aluminum- 
rich alloys 



Lead. 



Lead and tin alloys, including 
*' white metals " 



Nickel. 



Nickel-rich alloys (Monel 
metal. Benedick nickel, 
nickel brass, invar, etc.) 



Zinc and zinc-rich alloys. 



Gold, platinum, and **noble" 
metals and alloys 

SiWer and its alloys with 
copper 



Wrought iron, **pure*' iron. 



Method of etching 



Concentrated 

drodde 
(Heattintfaig.. 



■mmmiiMm by- 



Hydrofluoric acid. 



Aqueous solution of sodium or 
potassium hjpdxoiide 



I 



Nitric ackl 
Dihite nitric acid. 



iDUute hydrochloric add 
(Aqueous solution of silver nitrate 



'ConcentcaiiBd nttrfc acid . 



Remarks 



An ammoniaral or an acid ozidiz- 
ingsohitlon 



Ammoniacal solution of copper- 
ammonium chloride 

Ozldizing acids 

Aqueous solution of silver nitrate. 



Electrolytic etching 

Ferric cnlorlde 

Dilute sulj^urlc add containing 
an oxidizer (hydrogen p«razide 
or potassium permanganate) 

Concentrated hydrochloric acid 



(Same as for nickel 
Ferric chloride 
Ammonium persulphate 

Sodium hydroside; mixture of 
chromic and nitiic acid; am- 
monium dilorlde: iodine; am- 
monium persulphate 

.Electrolytic etching 

Aquaregia 



Nitric acid; ammonjuni persul- 
phate solution 

Nitric add 



Picric add — 
Cupric reagent. 



Suitable ozidizers for use: Hydrogen 
peroxide, ammonium penalpluite, 
potasahim permanganate, potsisluin 
dichromate, chromic acid, ferrte 
chloride 

Electrolytic in its nature 

Nitric add and diromk add 

The film of precipitated silver must be 

removed 
Accompanying oxidatkm is necessary to 

produce sadsfactory results 
Valuable lor certain bronzes 

An approximately 10 per cent aqueoos 
sdutton is used, a supplementary im- 
mersion in concentrated nitric add or 
in diromlc add may be necessary to 
clean the surface 

0.1 per cent aqueous solution is suitable 
for revealing Oie constituents, more 
concentrated suhitlons for grain 
boundaries 



Alone or with an addition of chromic 
acid 



Used alone or in a solution of ghidal 
acetic add, approximately nitric add 
SO, acetic add 40, water 10 per cent 



A long etching period is required, one 
hour or so 

Same as lor nickel 



Alcoholic solutions, approximately 1 per 
cent 



2 per cent alcoholic solution, commonly 

used 
5 per cent alcoholic solution 
To reveal phosphorus banding, and 

similar structural features 
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TABLE 1. — ^Metallognphic Etching Reagents for Revealing Microstructure— Oontd. 



Material 


Method of etching 




Carbon steela 


Nitric add, picric acid, and cuprlc 

reagent, aa above 
Hot aOuUne aodium picrate or 

other oxidizers 
Hydrochloric acid 


Used to color cementlte 






Alloy ateela 


Same reagents as lor carbon 

steela above 
2 per cent alcahoUc picric add, 

very prolmged etching 
Sodium picrate and other oxidizers 

(Picric add, or nitric add as above 
Heatthitlng 


For revealing grain botwdaric^ 


C*m^ trttmt 


For steels showing free carbide 

To identily iron phosphide and man- 


^^aai lion ..................... 




ganese sulphide 




700% Cu 
0%2n 



f^ercenter^0 Cff/77/pa^t£of7 






Fig. 13. — Constitutional diagram of the copper-zinc series of alloys 



The microstructural features of the different types of alloys, the composition of which is indicated hy 
the drcles at the base of the diaKram, are shown in Pig. 14 
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Fig. i4.~Microslructure of the principal types of hrasjti. I 
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IV. CONDITIONS AFFECTING STRUCTURE 
1. CHEMICAL COMPOSITION 

Of all the factors which determine the structtire of an alloy, 
chemical composition is without doubt the most important. 
Not only do alloys of entirely dififerent composition differ in 
structure, but alloys of varying proportions of the same metals 
show structural variations according to the percentage composi- 
tion which are often as marked as if they were composed of en- 
tirely dififerent component metals. To discuss adequately these 
structiu*al variations due to composition would necessitate a 
lengthy review of the subject of phase rule and the different 
classes of alloys on the basis of the constitutional diagram of the 
various systems. Such a review is neither necessary nor desir- 
able here. A brief reference to the copper-zinc alloys will suffice 
to illustrate the point. In Fig. 13 is given the constitutional or 
structural diagram of this series, in which is shown the condi- 
tion which obtains for every composition for temperatiu-es from 
oX. up to that of the molten metal. In Fig. 14 micrographs of 
typical copper-zinc alloys are shown to illustrate the pronounced 
changes which occur in the structure at room temperatiu^es as 
the composition is varied. 

A similar set of micrographs is given in Fig. 15 to show the 
change occurring in annealed steel as the carbon content is pro- 
gressively increased. It is evident from Fig. 15 that it should 
be possible to determine the carbon content of such material 
rather accurately from careful estimation of the amount of the 
carbon-bearing constituent present in the steel. Such a method 
is often used to supplement chemical analysis and to show the 
magnitude of variations in composition, which the ordinary 
method of sampling does not permit chemical analysis to detect. 

As already mentioned in the discussion of the macrostructiu-e 
of metals, segregation in steels is one of the most serious defects 
to which this class of metals is subject. The composition of the 
segregated portion of a steel article often dififers widely from that 
of the unsegregated portions. This is shown in Fig. 16, which 
represents the structtue of a streak of segregated metal from the 
center of a railhead and also the intermediate and the outer por- 
tions of the same. The need of an examination of the structure 
to supplement a chemical analysis in such cases is very evident. 

51646°— 21 3 
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Fig. 16. — Varialions in Ihe fnicroslructure of rait lltel cawed by stgregaliot 



el comprislDR th« graXa part oJ tlic b«d, pcmrliti 

It n'hidi lormnl in Ibe head, pcarlilc with liLiai o 
crnl by thFl«miHona(nuni(Tau«iatcnTr>t>l]iiii 



36 Circular of the Bureau of Standards 

It may be noted in passing that this rail failed in service in the 
track, the fundamental cause being its abnormal segregation. 

It often happens that metals and alloys show certain features 
of structure which are best described as being due to small in- 
closures of foreign material. Such inclosures, however, are often 
foreign only in the sense that they are not metallic. They are a 
necessary result of the metallurgical process used for the prepara- 
tion of the material. The ever-present slag of wrought iron 
(Fig. 52) is an example. Such slag threads are characteristic of 
this material, and their presence or absence is often used as a 
criterion in disputed cases in deciding upon the nature of the 
material. The foreign inclosures may also result from additions 
made to the metal in course of preparation for improving its 
properties by some chem- 
ical reaction , for example, 
deoxidation and similar 
reactions. The products 
of the reaction are often 
retained in part by the 
metal after solidification 
and form a characteristic 
feature of the structure. 
Fig. 17 shows an inclu- 
sion in steel which re- 
sulted from an addition 

Fig. 17.— CAaracfemiic appeora-ce of an inclu- of titanium tothe metal. 

tion caused by the addiltoa of titanium to steel. "J^g pjnk color and shape 

^ "^ are quite characteristic 

kLtdiini r«icnt. , i«t cmi .i«.h«iic»>i..i»ii of n.ir.c »cid ^j inclosures of this kind. 

Some of the foreign inclusions are under certain conditions 
decidedly injurious to the metal in which they occur; that is, 
they cause its mechanical properties to be very inferior to what 
they would be otherwise. Sulphur in steel is a well known 
example of this. In the form of ferrous sulphide, because of the 
form in which it is distributed (as thin films enveloping the 
grains), it renders the steel almost unworkable at a red heat. 
This can be readily overcome, however, by the proper addition 
of manganese to the molten steel at the proper time. Fig. 18 
shows the characteristic appearance of the sulphur in steel when 
in the form of ferrous sulphide and also when it has been con- 
verted into manganese sulphide. The inclusions of manganese 
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sulphide are not particularly harmful in the metal; that is, no 
more so than any similar inclusions are. 



Fio. 18. — MicTOSlTUclure of Une carbon tUtl, itlutlraling the forms in iiihich lulphur may 

Note the du-k-colored filnu covdoploc Ihe (nii» a Bad ft. Sulphide In thli lorm la viry dctrinuaital ta 
Che pt<itqtle9 irf iteet. iai LonfitiuJuial sedicdi of the HEreBACtd iflittr ci a a-iach round intended Eor 
cfaahu; it woa ifupouible to forge atid veld the nutcria] satisJactorily cm Hntmnt ct the films tj tvtrou* 
■ulpbide envelopiDE the irolni. X idd. (6) Some at a, X 500. Btcfaing lagau, 1 per cent alcoholk 
uliitim of nitdr add followed by hot alkaline udium pLcrate. (c) LoacicudLzul section d sleel rod bl- 
totdrd lot use in automatic Ul he. The sulphur is intbelirin otiinlaCed (lobiilsof Runfinese iulphlde. 
X no. (J) Same u c. Specimen Is unetched. X soo 

A striking illustration of the effect of relatively slight changes 
in the chemical composition upon the structure of an alloy is af- 
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forded by cast iron. When slowly cooled from the molten state, 
the metal assumes the form commonly known as gray iron, a large 
proportion of its carbon being in the form of graphite. By chilling 
the metal when cast, the form known as white iron results, the 
metal being in a state of unstable equilibrium. In this case most 
of the carbon is retained in the combined form ; that is, as cement- 
ite — the hard, brittle constituent. The relative silicon content 
of diflFerent cast irons has a pronounced efifect upon the structure 
resulting, even where all are cooled at the same rate. It is a well- 
established fact that an increase of silicon favors graphitization ; 
that is, induces stable equilibrium even with rather rapid cooling, 
while a low silicon content permits the alloy to retain the unstable 
condition. For this reason the silicon content of cast iron is pur- 
posely varied by the foundry man ; for ordinary castings for which 
gray iron is desired, the silicon content is raised to a relatively 
high value, for example, 2 per cent and more. On the other hand, 
when a white iron is desired either for chilled castings to be used as 
such or for the production of malleable castings, the silicon content 
is kept relatively low, for example, approximately 0.50 per cent. 

2. TEMPERATURE 

The temperature to which a metal or alloy is heated, that is, 
after it has been formed, has in most cases a marked influence 
upon its structure. These structural changes dependent upon 
heating may be conveniently discussed under the following head- 
ings : Equilibrium changes, grain growth, and phase changes. 

(a) EQUILIBRIUM CHANGES 

Practically all metals and alloys when cast are far from being in 
a condition of structural equilibrium such as the phase rule 
predicates for the given conditions of composition and temperature. 
Although such conditions are often accentuated by rapid cooling 
during the process of casting of the alloy, slow cooling in itself 
does not necessarily result in structural equilibrium. Metals^ 
unless exceptionally pure, and alloys normally show a cored or 
dendritic structure when in the cast state. This is a natiu*al con- 
sequence of the selective process of freezing by which they solidify. 
In each crystal a branched or treelike core which is relatively rich 
in the element of highest melting point is first formed, and non- 
soluble impurities collect, and constituents of lower melting 
point form in the interstices between the branches, the average 
composition of the material at such points being quite different 
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from that of the "core." Thus, every grain or crystal of the cast 
metal or alloy is nonhomogeneous in its composition, although the 
average composition of the whole grain is approximately that of 
the average for the alloy. Fig. ig illustrates this condition. 
When an alloy showing such a "cored" structure is heated for a time 



Fig. 19. — Characierislic appearance 0/ cast alloys, showing a dtndritic 



-y slowly coolAi troai tbc moltn state X i- tO Same as b. 



at a relatively high temperature, the principal effect is to erase the 
structural pattern by allowing diffusion to take place within the 
body of each crystal so that chemical homogeneity is approached. 
The changes which take place in a cast alloy upon heating are 
shown in Fig. 20, which represents a bronze as cast and similar 
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ones after prolonged heating. Unless such material has been sub- 
jected to other conditions, that is, straining by mechanical 



Fio. to. — Mictotlruclutal changtt itt a out alloy mused by prolonged htating. X ifO 

MaWUieEnKlualdisappsniKcoftheilfndiiticpMtfraUBnwKarainnllntthecutBllay- (>> Cut 

the alloy cooUiu too canicituaits tnd but * prooounccd dendritic •tracturt (b) Alloy aimilu' to >, 
hcsUd B haun it i/so" C Diffuiloa hu tikoi place to lomt extent <c) Alloy ■imiiu- to a, hatrd B bom) 
■t 600° C The euteccoid hai been iibMTbed by the matrix, but the dendritic pattern li giill obvicni. 
tf) Another portloa rrfipcdmen c; thUportkai (J the alloy ooiiaUt^ ol an almift bi>nio(ceneou9 toUd Mlth 
UoD. Btdiliit reaient. ammonium hydroxide and hydrocen pcnadde 

deformation or its equivalent — excessively rapid cooling from a 
very high temperature, change of grain size in a cast alloy does not 
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take place upbii heating. The principal effect of the heat upon 
the chemically nonhomogeneous cast material is to render it 
more nearly uniform in the composition by permitting diffusion 
and, in some cases, solution of certain constituents to occur, thus 
allowing chemical equilibrium to be brought about. 

Other effects of heat upon the structure of alloys which may be 
briefly mentioned are the decomposition of a compound, as is 
illustrated by the formation of graphite from cementite during 
the heating of white cast iron and in some cases in high-carbon 
steels (Fig. 21), the mechanical break-up of eutectics and eutec- 



Fia. 31. — MicrottTuctun 0/ high-atrbon ttetl in vikich gtaphitaalion has ocatired 
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toids by the coalescence of the different constituents under the 
action of heat, illustrated by the spheroidizing of pearlite by long- 
continued heating of steel just below the A, transformation 
temperature (Fig. 34). Other cases might be cited; the above 
are sufficient, however, to illustrate the typical changes which 
may occur. 

(t) GRAHf OKOWTH 

The most striking change occurring in the structure of metals 
and alloys upon beating is the increase in grain size which eften 
occurs. Such a change in grain size usually necessitates a pre- 
liminary straining of the material. Cast alloys, at least those 
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— MicTostructure of o.jff per cent carbon sleel illuslraling the structural ejfcct of 
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which involve no phase change upon heating, will show no increase 
in grain size even after several months heating, ^^ unless the 
material has been strained in some way. Since so many metals 
and alloys are subjected to mechanical work of some kind in their 
fabrication or to other conditions in special cases which bring 
about grain growth upon subsequent heating, the fact is often lost 
sight of that grain growth is not the simple result of heating only, 
and that other conditions are necessary to bring it about. The 
latest opinions on this subject are given in the reference cited 
above. 

Fig. 22 6 shows the increase in grain size which resulted in a 
steel bar by improper annealing. The distortion of the material 
which occurred in the rolling of the metal as well as the fact that 
the material is subject to a phase change upon heating accounts 
for the pronounced grain growth which occurred upon heating. 
A coarsely grained condition in metals is usually regarded as very 
imdesirable and particularly so in metals which may be subjected 
to shock or similar conditions iM service. An investigation ^* 
under way at this Bureau has for its object the determination of 
the mechanical properties of steels which are most affected by 
variations in grain size of the material. 

(c) PHASE CHANGES 

In a great many alloys pronounced structtu"al changes occur 
upon heating to certain definite temperatures which of course 
vary with the different ^Uoys under consideration. Such changes 
are to be ascribed to phase changes or transformations within the 
material, such as are indicated in many of the constitutional 
diagrams for the various classes of alloys. By quickly cooling 
an alloy which exhibits such changes from a temperature some- 
what higher thkn that at which the transformation occurs, the 
structure normally existing only at the higher temperature 
persists to a large extent in the material at room temperature, 
the alloy being in a state of unstable equilibrium. 

This fact is of very great industrial importance; the art of heat 
treatment of alloys, particularly steel, for high mechanical prop- 
erties depends upon this fact. Fig. 23 shows the structure of a 
low-carbon steel as usually observed and the structtu"e of the same 
as it exists at a temperature somewhat above the first or Ai 

^* H. C. H. Carpenter and C. P. Elam, " Grain growth and recrystallization of metals." J. Inst, of Metals, 
24, 1920. 

^* H. S. Rawdon and Emilio Jimeno-Gil, The Relation of Brinell Hardness to the Grain Size of Annealed 
Carbon Steels, B. S. ScL Papers, No. 397. 
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FlO. 13. — Microitructure of 0.18 pet ctitt carbon sleei as it exisli at ordinary- temperaium 
and at relatively kigh Itmperatutes 



(a) Peulite-iRTilc itruci 


urc d the nutnul 


■tocdi 




rn, rn 


calcd by cuhiDg n 


iih »p« 








6) Sue 








rcrnlcd 


bvh«tiuiU. 


e poliahtd ipfdmai in vk™ jD r 




tTSO'CUbov 










volume dlMB*. wh 








>Kdhyh 


nt.la«, 


omnia the stMldurinE 


ti tcuufonnalion  


the ciilinl teniixnlii 


f. Th 




aadUi 


I»U>h«l 


■urfimiliuu 


Oilsdwnie 


lo volume mealith 












liDEfram 


tbetraulani 


latKBoftbe 


militcmngalwil 


thrin, 


riMDHtrij.. X 


.00. 


) Somen 


6.x™ 





transfonnation, as recorded by a special method of heat etching 
by heating the polished specimen in vacuo. By quickly cooling 
the steel, for example, by quenching, from the temperature at 
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which the " high- temperature structure" was examined, the 
structural condition obtaining at that temperature would be 
maintained in the quickly cooled alloy; pronounced changes in 
its physical properties would result from the new structural 
conditions. Fig. 71 illustrates the same phenomenon in a non- 
ferrous alloy. 

The phase changes or transformations in alloys are accompanied 
by energy (heat) manifestations. Hence it is much easier to 
investigate and establish the temperatures at which the changes 



Fia. 34. — Microslruclute of cold-dtawn copper, ihouing the mechanical distoilion as 
revealed by sections parallel io and perpendicular to tke direction of uorking. X ^5" 



occur by the relatively simple means of " thermal analysis" rather 
than by the tedious and complicated methods necessary for the 
determination of the high-temperature structure of the material. 
Thermal analysis may be regarded then as the means for demon- 
strating the structural changes which occur in alloys upon heating 
as well as the energy changes which accompany them. It may be 
noted, however, that some energy changes have been observed 
for which any possible accompanying structural change is so 
minute as to be beyond the range of the methods now used for 
observing the structure of metals. 
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3. WOKCinG OF METALS * 

(a) DISTORTION OJ CRTSTALUNB STRUCTURE 

One of the most potent factors affecting the structure of metals 
and alloys is the amount of mechanical working received during 



L _......_.,_^ J 

Fig. 35. — Microstruclure of brail illiulrating progrestive ilages in the cryilaliine ditlor- 
tion produced by cold-working X too 
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fabrication after casting. Aside from the part played by the 
straining of metals in causing recrystallization and grain growth 
upon subsequent heating as explained above, the structure of the 
metal is often profoundly changed by the deformation of the 
material. Thus sections of a metal parallel to the direction of 
working will differ very materially in their appearance from those 
perpendicular to the same. Such sections are conveniently 
designated as longitudinal and transverse sections, respectively. 
In Fig. 24 two such sections of cold-drawn copper are shown to 
illustrate' the structural 
change which accompa- 
nies mechanical working. 

As is to be expected, 
if the deformation o r 
working has been carried 
out upon the cold mate- 
rial, the distortion of crys- 
talline structure will be 
much more severe than if 
carried out upon the 
metal while hot. Thus, 
thin cold-rolled sheets 
and fine cold-drawn wires, 
particularly of the softer 
metals and alloys, appear 
practically "structure- 
less" when examined by 
the usual metallographic 
methods. Ivxcessive cold 
working of the surface of harder metals, for example, steels, will 
sometimes result in the formation of a hard "structureless" sur- 
face layer. The accompanying temperature effect due to the heat 
of friction may also contribute in such cases. 

In Fig. 25 is shown a specimen of cartridge brass (approximately 
70 per cent copper, 30 per cent zinc), which has been rather , 
severely cold worked. This illustrates how the deformation or 
change of crystal form is brought about by means of internal slips 
or "faulting" along definite planes within the individual crystals. 
Theset" faults" persist in the crystals and are revealed when the 
metal ts etched ; they are not to be regarded necessarily, however, 
as discontinuities within the crystals. As the metal is more 
severely worked, these slips become so numerous that they fill 
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the entire elongated grain and are no longer to be observed with 
certainty. 

The depth to which a metal (cast) has been distorted by cold- 
working, for example, in machining operations, can often be 
detected by making use of the fact that upon heating recrystalli- 
zation of the cold-worked metal will occiu". Fig. 26 shows a 
specimen of cast bronze " which was turned to size and shape in 
the lathe. Upon annealing a specimen, the depth to which the 
distortion of the material extended was clearly shown by the 
thickness of the recrystallized layer. 

V. EFFECTS OF STRUCTURE UPON PROPERTIES 

The ultimate aim of any metallographic examination is to show 
in what manner and to what extent the characteristics of the 
material, particularly the mechanical properties, are dependent 
upon the particular featiu-es characterizing the structiu-e of the 
metal under observation. To discuss here this phase of the sub- 
ject, even in a manner only approximately complete, is im- 
possible. Only a few of the most obvious eflfects of structure 
upon the properties will be mentioned. 

1. MECHANICAL PROPERTIES 

It must be borne in mind in a discussion of this subject that the 
mechanical properties of any material, as expressed numerically, 
are more or less dependent upon the method of determination 
used, for example, size and shape of test specimen, rate at which 
the stress is applied, etc. The structural features of the material 
are closely related to the mechanical properties, this relationship, 
of course, being much more apparent in the case of the grosser or 
macroscopic features than for the very minute characteristics, 
as will be evident in the following examples which are discussed. 
The previous treatment, mechanical as well as thermal, also affects 
the mechanical properties, although in this case it may be con- 
tended that the structural effects caused by the previous treat- 
ments are largely, if not entirely, responsible for the changes noted. 

(a) HARD AND SOFT CONSTITUBNTS 

Many of the alloys most useful from the industrial standpoint 
consist of two or more constituents which vary very widely in 
their characteristics. One of the constituents is often relatively 



^^ H. S. Rawdon. Microstructural Changes Acoompanyiiur the Annealing of Cast Bronze, B. S. Tedi. 
Papers, No. 6a 
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very soft and ductile, while a second is hard and brittle. For 
example, such a condition occurs in steels, in aluminum casting 
alloys, and in bronzes, particularly those for bearing piuposes. 
The softer constituent gives the required ductility, while stiffness 
and strength are contributed by the harder one, which is dissemi- 
nated throughout the soft matrix. The relative proportions of 
the two determine the properties of the alloys of the same general 
series which differ among themselves in their percentage composi- 
tion. 

Fig. 27 shows a specimen of cast zinc bronze (approximately 
88 per cent copper, 10 per cent tin, and 2 per cent zinc) which 
was stressed in tension un- 
til fracture occurred. The 
soft ductile copper-rich 
matrix easily adapted 
itself to the applied load- 
ing, the hard, brittle tin- 
rich constituent was 
shattered and broken, as 
shown, when stressed suf- 
ficiently. Similar cases 
may be noted in other 
alloys. Fig. 28 shows a 

portion of a test specimen P'^. ij.—Microstntctuie itf cast ri«c brome 

of an aluminum-casting ""^^ *^ *'^'' '""^"^ '" '^'''"- >< ^^^ 
alloy broken in tension. J|r'^«"«ta*'c^''^!i,"rh'"™,^*''^e^^^^ 

The hard constituent, •titumntrifhtuiBli-.tothEdinxtion in whSrh thenr™ 

. , was appllnl. Approxinutc ctvQposiliou li aliayi. copttrr. 

COnsIStmgOf a compound s* pa ««: Un, ,0 pn nmf. line. 1 per cmt. Etchiag 

of aluminum and copper ™«™'- mnwotntnl aniRidoliim hycttnxid.^ 

(CuAl,), was sufficient in amount to form a continuous network 
throughout the alloy. The coiu-se or path of the fracture of a test 
specimen was determined by this network, as is shown in Fig. 28; 
thus the results of a tension test of such a material depend pri- 
marily upon the amount and the properties of this constituent. 

(1) SOFT DDCTTLE CONSTITTJENTS 

Copper and lead do not alloy with each other in the sense that 
most metals do; neither solid solutions nor definite compounds 
of the two are formed. An "alloy" of these metals consists only 
of a mechanical mixture of the two metals, the intimacy of the 
mix depending largely upon the care used in preparation and the 
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skill of the operator. The "alloy" may be considered, for con- 
venience, as a copper sponge, the interstices of which are filled 
with globules of lead, as is shown in Fig. 29. 

Although both copper and lead when reasonably pure are 
highly ductile, the mixture of the two behaves in a rather anoma- 
lous manner when tested. The behavior of the material when 
stressed in tension is somewhat as might be expected. It is 
somewhat ductile, but is decidedly inferior to metallic copper in 
its properties. Thus a tension test of an alloy consistmg essen- 
tially of 40 per cent lead and 60 per cent copper gave the follow- 



Fic 18. — Microstruclute of catt alumitmm alloy shoicing the "path" of the fracture pro- 
duced by a tensile stress. X loo 

comiitiimt rmbrddnl in a ranch K^ter matrix. Note ihat the "p«th" o( the rmoiiire in tensiod wu 
determined lirtcly hy the (runework ri the hard coDstltuat. This has beea indicated by antnfi. 

ing results: Ultimate strength in tension, 10 650 pounds per square 
inch; elongation in 2 inches, 8.5 per cent; and reduction of area, 
7.5 per cent. The continuity of the copper matrix is so broken 
up and weakened by the inclosed globules of lead, which of course 
are of very low tensile strength, that the resulting tensile proper- 
ties are correspondingly lowered. The properties measm^d are 
essentially those of the copper sponge, and the properties of any 
particular specimen are inferior to those of a specimen containing 
the same amount of copper in the form of a solid, but smaller, rod. 
The appearance of the fractured specimen of the "alloy" when 
tested in compression is shown in Fig. 29 c. Although each of 
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the two constituents is decidedly ductile under compression, the 
mixture of the two behaves in a manner characteristic of a brittle 
material. Instead of flattening to any appreciable extent, the 



Fig. ig. — Microstruclure of copper-lead alloys and appeatance of a specimen of the samt 
after testing in compression 
"ALIo>^" oi copper and Leid fnosist amply of a mechoiual mixlurf ttl th« two metals ^otr [ht 
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Btill renuia in place after the polishiHB of the specimen. The sampld were slishtly etched with eonccn- 
tntn] nitric acid for developinj£ the ^tmcturc- {a) Alloy of approximate compoRitioD. copper. 77 per 
nut: kad, 93 per cent. X loo {b) Alloy of approxioutle compofiitioi. copper. 60 per cent; lead. 40 per 
cent. X in. U) Compression specimen of alloy b after teit. X 1. Xote that the ipecimen ^healed 
when compre^vd sulScienlly in a miumer considered characteristic of brittle alloysaKhouch each o<tbe 

specimen shears in a manner such as is expected, for example, 
in cast iron. The inclosed globules of the lead undoubtedly con- 
tribute largely to the failure of the specimen in the manner shown, 
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by their action as a "lubricant." The ultimate strength in com- 
pression of lead is very much lower than that of copper; thus 
the lead yields under the applied loading and "flows" long before 
the copper is stressed to a degree which would cause appreciable 
deformation. 



Fig. 30. — Chatactenstic fractures of gun steel tested m tension across the grain of U« 

metal, together with structure of the same 
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(e) ORIEMTATIOn OF TEST SPECUMEII WITH RESPECT TO MATERIAL TESTSD 

It has been shown in a previous section that the mechanical 
working which is necessary for forming a metal after casting 
affects the structure to a very marked extent. The worked 
material has a more or less "fibrous" structure, depending largely 
upon variations in composition across a section of the ingot used 
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and particularly upon the various inclusions within the metal. 
After the working of the metal these are arranged in rather 
definite lines, the course of which is determined by the shaping of 
each particular piece. 

It is evident that the mechanical properties when measured 
across a laminated or fibrous material will be quite different from 
those of the same material, the test specimen of which was cut 



Fio. 31. — CharacleriUk appearance of "fiaka" in gun steel revealed by leiuile fracturei 
and macroscopic appearance of flaky steel 

Note the wbltc anas, a and b. Thnc cormpoid lo Uw ddects (disantinuitia) of c. {a) and (») 
Fnctored [acH of teataion tpHiiaais of Oaky steel. X i. Tbt "flakB'^ have a choraeterutie silverv 
■ppearance and the metal appears coarsely crystalliae at such spots; microfiCDplc examiiutim, however, 
■how« thut the grala is the same across the entire croeg sectica of the specimen, {(^ Specimen of Aalcy 
RUU steel deeply etched with oncentrated hydrocfakirlc add. X i. Th^ acid widens and deepens the 
discwtmuities (Oakes) 

parallel to the course of the fibers. In the latter case, which covers 
by far the greater majority of the test specimens used in industrial 
testing, the mechanical properties are not seriously affected. It 
is only when it is specified, as is done in some particular cases, for 
example, gun forgings, that the test specimen shall be cut trans- 
versely to the direction of working, that the effect is marked. 
Fig. 30 shows the appearance of a specimen of gun steel (carbon, 
0.48 per cent; manganese, 0.76 per cent; nickel, 2.85 per cent; 
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sulphur, 0.02 per cent ; phosphorus, 0.02 per cent) broken in ten- 
sion, the following results being obtained : Yield point (by divider 
method) 79 000 lbs/in.'; ultimate strength, 83 000 Ibs./in.*; reduc- 
tion of area, 3.5 per cent; elongation in 2 inches, 3.5 per cent. 
The very marked banded structure of the material, which macro- 
scopic examination showed was caused by threads of inclusions, 
is unquestionably the reason for the very low ductility shown by 
the material. From the microstructure of this material (Fig. 30 i) 
one has reason to expect that considerable ductility would be 
shown. 

In Table 2 are summarized the results obtained by testing 
duplicate transverse and longitudinal specimens of the same mate- 
rial in tension. The metal chosen was a type of defective steel, 
encountered particularly in gun forgings, which has been desig- 
nated as "flaky steel/' of a composition very similar to that given 
above. Agreenjent among metallurgists as to the origin of these 
defects, *' flakes,'' has not yet been reached. Their appearance as 
revealed by a tension break is shown in Fig. 31 ; deep etching of 
such steel in concentrated acid reveals their presence, as is shown 
in the same figure. 

TABLE 2. — Tensile Properties of Flaky Steel as Revealed by Transverse and by 

Lon^tudinal Test Specimens 



specimen 



Tnnsvene.. 

Do 

Loncitudliui 

Do 



P-llmlt 


Yield 
point 


Ultimate 
strength 


Reduc- 
tion of 
area 


Elonca- 

tionin 

2 inches 


Lt»./ln.2 


Lta./in.2 


Lt»./in.3 


Percent 


Per cent 


53 500 


56100 


59 200 


1.5 


1.5 


65 000 


67 000 


92 950 


5.0 


3.5 


62 500 


65 000 


106 500 


52.0 


26.5 


62 500 


65 000 


106 850 


50.5 


26.0 



Modulus 

olelas- 

Ucity 



Lbs./in.« 
29 000 000 
29 000 000 
29 500000 
29 500 000 



It is very evident from the results given that the relation which 
the test specimen bears to the parent material affects the meas- 
ured mechanical properties of the material to a marked degree. 
Defective material of the type used when tested in the ordinary 
manner shows apparently very superior properties, particularly 
in ductility. However, when a specimen cut transversely from 
the material is tested, it behaves very differently and breaks with 
practically no ductility. The elastic properties are not seriously 
affected, however, even when the internal defects are sufficient 
to reduce the ultimate strength of the material to approximately 
only 50 per cent of the normal value. When such material is 
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subjected to some of the dynamic methods of testing, impact, 
fatigue, etc., the difference in the results obtained for the trans- 
verse specimen is usually even more marked than the results 
given above for the tension test. 



It has been previ- 
ously suggested that 
the grain size of a 
metal has a pro- 
nounced eflfect upon 
many of the proper- 
ties of the material. 
Coarsely grained met- 
als are quite univer- 
sally regarded with 
disfavor, although 
there appears to be 
no evidence at hand 
to demonstrate the 
unsuitability of such 
material for many 
purposes. The brit- 
tleness usually attrib- 
uted to large grain 
size is not very well 
revealed by a tension 
test, at least as ordi- 
narily carried out. 
Fig. 32 shows a sec- 
tion of coarsely 

grained tension Speci- •"*" <^ch»d with Blmholic wLut™, ol rmic chlorid* and thm mv- 

mens of cast bronze. 

The structure indicates that the mechanical properties were 
determined to a very large degree by the fact that the entire 
cross-sectional area at the point at which the fracture occurred 
comprised only a few large grains. There was nothing how- 
ever, to indicate this until the specimen was sectioned and its 
structure examined. A shock or impact test reveals the effect of 
coarse grain in a much more striking manner. Fig. 33 shows the 
appearance of two specimens of the same steel after testing in a 
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Fr^ont impact testing machine ; one of the specimens was spoiled 
evidently in the annealing process; the second, on the other hand, 
showed exceptionally superior qualities. The microstructure sug- 
gests that the superior shock-resisting properties were undoubtedly 
produced by quenching the steel from a high temperature, prob- 
ably above that of the A3 transformation. The entire lack of 
ductility of the coarsely grained specimen as compared with the 
superior shock-resisting qualities of the same steel when properly 
treated affords striking evidence of the influence of grain size upon 
mechanical properties. Fig. 33, e and /, illustrates the fact that 
at extremely low temperatures the grain size of metals is a fac- 
tor of even greater importance in determining the mechanical 
properties than at ordinary temperature. 

(«) PHYSICAL STATE OF MICROSCOPIC CONSTITUENTS 

The relative size, arrangement, and method of distribution of 
the various constituents which make up the structure of an alloy 
bear a close relationship to the various properties of the alloy. 
This is best noted in a binary alloy, for example, eutectoid carbon 
steel, different specimens of which have been subjected to various 
thermal treatments with the express purpose of producing the 
variations in the microstructural features suggested above. Of 
course precautions must be taken that no phase changes in the 
alloy occur and that it is in stable equilibrium throughout, the 
differences produced in the structiu-e being physical ones only. 

Considerable investigational work has been done to show how 
the mechanical properties of carbon steels, particularly those of 
eutectoid composition, vary with the physical state of the pearlite, 
the steel being in the softened state throughout and the pearUte 
ranging from the lamellar type through Various stages to the com- 
pletely ** divorced '' or spheroidized condition. The work of Hane- 
mann ** and that of Howe *• may be cited as illustrative of this. 

The influence of the physical state of the pearlite in steel upon 
the properties is well shown by a study of the magnetic character- 
istics of the same steel after various treatments.^® The various 
Specimens of the steel (carbon 0.85 per cent; manganese, 0.28 per 
cent) were cooled from the same temperature (800° C) at rates so 
chosen that the structure of the different specimens varied from a 

U H. Hanemann and P. Morawe, Cber den kdmigen Pexlit und seiner Bedeutunc f <lr die Wannebehand- 
Inns des Stahls, Stahl und Eisen, 8S, Part 3, p. zjso: 19x3. 
^ H. H. Howe and A. G. I«evy, "Notes on pearlite/' J. Iron and Steel InsL, 94, p. axo; 191^ 
»C Nusbaum and W. I«. Cheney* B. S. Sd. Papers, Na 408; zpao. 
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fine sorbitic condition to a "divorced" or spheroidized pearlite as 
shown in Fig. 34. The magnetic properties of the corresponding 
specimens are given graphically in Figs. 35 and 36. Without dis- 
cussing here the significance of the various properties revealed by 
the magnetic tests, it will be evident that the properties of the 



Fig. 34. — MicTosiruclure of eviectoid carbon sUel (0,85 Per cent eatbon) skiranng 
effect of rate of cooling upon the physical slaU of Ihe pearlile. X soo 
Nolc how ihr lamcllic toostltutbi the parlitc becBme much thidcer uuT mart pronoonwd as thi 
ncaluiE (iCDercHed. The pbysidl propcnies of the materia] al» chanjnd in carresponding maimer. 
•pccimens nere heated to ioa° C and cooled as (oIIdws: (a) Coaled ia air. the material ampins taritl 
lorblte: (b) eooled in lime, the material contaios patrbes of fine luneUar prailile and some sorbite 
cooled ia furnace coarse lametlar pearlite with some spheroidiilnB of the pearlite has resulted; (d) en 
Infuntace at a much slower rate than in c, the pearlite wulat(ely>pl>eiiodiied or ''dhtncd." ECti 
rtaiot. s pec ant alcoholic ululion ol picric «dd 
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Fto. 35. — Magnetic properties (induction vs. magnetizing force)of euiectoid carbon steel 

after different annealing treatments 
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Flo. 36. — Magnetic properties (permeability vs. magnetizing force) of eutectoid carbon 
steel after different annealing treatments, replotted from Fig. J5 

steel are afTected to a marked degree by the changes which have 
been brought about in the physical state of the pearlite. Corre- 
sponding differences in the mechanical properties would also be 
found upon testing, although perhaps of not so great a magnitude 
as in the magnetic properties, since the magnetic tests are much 
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more sensitive than the ordinary mechanical ones and often reveal 
changes which are detectable by almost no other means. 

2. CHEMICAL PROPERTIES 

The chemical property of metals and alloys which is probably 
most important industrially is that designated by the rather loose 
term of *' solubility/* Upon this property depends the etching of 
metallographic specimens, the coloring of metallic surfaces, the 
corrodibility of materials under service conditions, and often, by 




^^e per cent carbon steei 
harc/ened and then tempered 



jS^a 



^pe'Q 



Jemperr/T^ tempenaiture 

Fig. 37. — Variation in the solubility of i per cent carbon steel in dilute sulphuric acid, 
after hardening and tempering to different temperatures. (Hanemann) 

the selective corrosion of certain constituents, the complete 
deterioration of the entire alloy in service. This property of an 
alloy is often influenced to a marked degree by the structure, and 
the following examples are cited as tjrpical of this effect of struc- 
ture upon properties. 

(a) BTCHINO 

The etching of the polished stuiace for revealing the micro- 
structure is dependent primarily upon the relative solubility of the 
constituents comprising the alloy. In case of a one-constituent 
alloy the diflference in the rate of solubility of the various cry$tals, 



Structure and Properties of Metals 6i 

which in turn results from the orientation of the sectioning plane 
relative to the inner structure of the different crystals comprising 
the alloy cut by this plane, is the fundamental reason for the pro- 
duction of the etch pattern. It is a well-established fact that the 
solubility of a crystalHne material varies considerably when 
measured in different directions in one and the same crystal. 

The constituents of binary as well as of more complex alloys 
practically always differ in their electrochemical properties, one 
being electropositive to the others. Consequently such a con- 
stituent will be attacked by an etching reagent in preference to the 
others, which remains bright and often stand out in slight relief 
above the surface. The microconstituents behave then very 
similarly to two dissimilar metals in contact with each other in an 
electrolyte, as is illustrated by steel coated with copper, nickel, or 
tin, which are all electronegative toward iron (or steel) and 
which thus accelerate the corrosion of the iron base of the coated 
sheet after it has been exposed by abrasion or in other ways. A 
zinc coating on the other hand being electropositive to iron, the 
two being in contact within an electrolyte, protects the exposed 
spot of iron for a considerable time at the expense of itself until the 
exposed area becomes too large. 



ml steel rod hardened, diffetentially Umpered, and Ihtn 
n dilute lulphuric add. X I 
The hardenol rod wai dincreaCialty tempered b/ heating tbe end x. the other one beini kept mid by 

<6) SOLUBILITT OF TEMPERED STEELS 

It is quite well recognized that the solubility of steel varies 
considerable according to the heat treatment which it has pre- 
viously received. Fig. 37 illustrates this variation of solubility 
according to treatment." A rod of high-carbon steel (approxi- 
mately I per cent carbon) was hardened by quenching in water 
from a temperature of 765° C. The hardened rod was differentially 
tempered by heating one end to approximately 850° C while the 
other was kept cool with water. Thus the rod represents, at 
different points along its length, tempering to all temperatures 

•■ H. Hunenunn. Einfuhnina in die MnaUflSrapliie and WilniubehaiHlluiic. p. »;. 
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between the two extremes. When immersed in dilute sulf^uric 
add (20 per cent solution) for 1 7 hours the appearance shown in 
Fig. 38 was produced. The material in one of the intermediate 
stages of tempering is the most readily soluble, rather than the 
very hard or the very soft portions. 

Considerable attention has been given to this property of tem- 
pered steels by foreign metallurgists, and it has been shown, as 
is illustrated by Fig. 37, that the rate of solubility can be used 
as an index of the tempering a specimen of steel has received. 
Maximum solubility corresponds to a tempering at 400^ C. A 
special name, *'osmondite,'* has been given to steel in this particu- 
lar condition, on account of its characteristic properties. 

From Figs. 37 and 38 it is evident that the rate of solution is 
profoundly affected by the structure of the steel. In the form 
of the solid solution the material is the least soluble. As the 
degree of tempering is increased and the carbide held in solid 
solution is progressively precipitated, the rate progressively 
increases. The maximum solubility occurs in the troostitic steel 
after the simple solid solution has been changed by tempering 
into a state of agglomeration resembling that of an emulsion. 
The material in this condition is not resolvable under the micro- 
scope into its constituent parts. As the tempering is continued, 
progressively higher temperatures being used, the ultramicroscopic 
particles increase in size until finally the ordinary microscopic 
examination reveals them. This increase in the size of particles 
of the constituents is accompanied by a decreased solubility, 
although the fully annealed specimen is somewhat more soluble 
than is the material in its initial or fully hardened state. 

(c) CORROSION 

This term when strictly used refers to the tendency of metals to 
revert to the stable form in which they occur in nature; that is, 
the oxide. The subject is so broad and the contributing causes 
so many and so varied that considerable differences of opinion are 
held as to the mechanism by which the process of corrosion is 
brought about. Only a brief mention will be made here of how 
structural features may aid in the process. 

In general, the corrosive attack of a metal is more pronounced 
in the direction of the ** fibers" than across them. This is most 
marked in case of accelerated corrosion by exposure to sea air, 
sea water, or similar conditions, and is foimd in all types of readily 
corrodible alloys if in the wrought state. This may be attributed 
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Fig. 39. — Appearance of a corroded btast theet togethtr -imth the microstructurt of tht 
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largely to the mechanical effect of inclusion streaks by affording 
lodgment for moisture, so that the attack at such points is accel- 
erated and access to the interior more readily gained along the 
line of the inclusion. Similar instances have been noted in 
wrought-aluminum alloys, in which it appears that the difference 
in the electrochemical properties of streaks of the metal in various 
stages of cold working is responsible in a large degree for the 
fibrous appearance of the corroded ends of wrought rods. 

Brass of the type termed Muntz metal, approximately 60 per 
cent copper and 40 per cent zinc, exemplifies well the specific 
effect of a metallographic constituent upon the corrosion of a 
metallic material. Such a brass has a duplex structure as is 
shown in Fig. 39 6, one constituent, the a, being much richer in 
copper than is the second, or j8. The zinc-rich constituent is quite 
readily attacked by sea water, the difference in the electrochemical 
jx)tential of the two, a and jS, contributing to bring about the 
difference in the resistance of the two to the action of the elec- 
trolyte. The zinc from the j8 is leached out, and a spongy mass 
resembling copper remains, filling the spaces previously occupied 
by the jS (Fig. 39 c). Thus the alloy is converted into a weak 
brittle mass consisting of a sponge of the more or less attacked 
a constituent and the pulverulent material resulting from the dis- 
integration of the /3. Material of this kind in the form of sheets 
often becomes so' brittle that it can be readily broken into small 
fragments in the fingers (Fig. 39 a). 

A soft ductile metal like lead may imder some conditions of 
accelerated corrosion become so brittle that it can be crumbled 
to powder in the fingers. This is most apt to occur if the lead 
is somewhat impure. Fig. 40 shows a section of a lead cable 
sheath which by electrolytic corrosion became so brittle that it 
could be reduced to a granular powder. Each grain, however, 
retained its initial ductility and other characteristic properties of 
lead. The corrosive attack of the metal was essentially inter- 
crystalline in character (Fig. 40 d) which was, in all probability, 
due largely to the impiuity contained by the metal (1.09 per 
cent tin) , although it has been shown " that lead of exceptionably 
high purity (99.99 per cent) is subject to intercrystalline brittle- 
ness under certain conditions. In the corroded lead illustrated 
in Fig. 40 most of the impurities which are present exist as 

^ H. S. Rawdon, Interciystalliiie Brittleness of Lead, B. S. Sci. Papers, No. 377; 1990. 
51646°— 21 5 
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tiny lodgments, sometimes as a eutectic, between the crystals of 
lead ; thus the corrosive attack is localized to a large extent, 
and the metal as a whole shows intercrystalline brittleness. 

U) VARIATION IH COMPOSITION THROaOHOUT AN ALLOY 

In some alloys the composition varies at times to such an 
extent throughout the body of the alloy that the properties, 
both chemical and physical, are far from being uniform for the 
material. Examples of this have already been spoken of (Sec. 
Ill, 2). Segregation, as in steel, caused by the selective process 
of freezing, is responsi- 
ble for many such 
marked cases of chemi- 
cal unhomogeneity. 
Fig. 41 illustrates a 
marked case of such un- 
homogeneity i n lead- 
antimony alloys because 

L , of the difference of den- 

£* M . , , . 

sity of the constituents 

<:hemKalunhomogentilyofUad-antimonyal- ^f ^Jjg alloy the Cause in 

this case being usually 
spoken of as "liqua- 
tion," It is evident 
without further discus- 
sion that a specimen cut 
from the lower portion 
of each of the ingots 
"^""^ will show properties 

which will differ markedly from those of a specimen taken from 
near the top of the ingot. 

VI. APPLICATIONS OF THE MICROSCOPY OF METALS 

The most important industrial application of the microscopy 
of metals is undoubtedly its use in connection with the heat- 
treatment of steels. Not only is it used extensively as a routine 
method of examination of heat-treated stock to make certain 
that the prescribed treatment has been carried out and also to 
show wherein lies the fault when the material after treatment 
does not have the expected mechanical properties, but it is of 
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inestimable service in specif)ring a proper heat treatment for new 
types of steels. A second important application of the method 
is as a supplement to chemical analysis. It is believed, however, 
that the description of the various applications can best be given 
by means of short references to a few typical cases chosen from 
numerous materials examined at the Bureau of Standards than 
by a longer and more general discussion such as exists already 
in some of the textbooks on the subject of metallography. 

1. RELATION TO HEAT TREATMENT 

As has been previously stated (Sec. V, i, d) the grain size of 
a metal is of very considerable importance in affecting the prop- 
erties of the material. In most cases the microscope should be 
depended upon for revealing accurately the relative grain size 
of metallic materials, although considerable information can be 
gained by examining the fracture of broken test specimens, and 
it is claimed by some that for some materials, particularly alloy 
steels, the examination of the fracture is the only sure way of 
arriving at this information. If a numerical expression of the 
grain size is desired, the method recommended by the American 
Society for Testing Materials may be used.*' 

Fig. 22 shows a medium-carbon steel (carbon 0.46 per cent) 
which has been ' ' overheated * ' — ^it was maintained for six hours at 
1 1 10*^ C. The steel was not permanently injured, however, and 
it was ** restored" by proper annealing as shown in Fig. 22 c. 
However, material which is heated at so high a temperature that 
it is properly described as ** burnt** is useless; it can not be 
restored and made safe for use by any treatment now known short 
of remelting. The heating of steel to the temperature at which 
incipient fusion on the surface occurs does not, however, always 
necessarily entail ** burning*' of the material. For some of the 
special alloy steels used for high-speed cutting purposes, the heat 
treatment recommended usually includes ** heating to incipient 
fusion.** The restoration of the material after overheating 
depends upon the phase change which occiu-s in the alloy at its 
critical temperature. Such a simple means for removing the 
structtual effects of overheating could not be applied to a metal 
such as copper, for example, which exhibits no phase changes upon 
heating. 



" Proc. Am. Soc. for Testing Materials, Specifications B a-ao, Micrographs of Metals and Alloys, Part 
x; xgaa 
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A knowledge of the niicrostructure is very helpful in explaining 
the peculiar characteristic properties of high-speed tool steels in 
order to specify properly the necessary heat treatment.^^ When 
quenched from a sufficiently high temperature the material is, at 
least partially, austenitic in structure. Upon tempering at a 
relatively low temperature, it is converted into the martensitic 
state, with an accompanjring gain in hardness, usually termed 
secondary hardness. The martensitic state is changed into the 
troostitic condition only very slowly, so that the material passes 
no ftuther than the troostitic state upon tempering at a relatively 
high temperatiu*e. Hence this state, together with the accom- 
panying cutting properties (toughness and hardness) , is retained 
by the material at the high temperature which prevails in the use 
of such tools. Fig. 42 illustrates some of the characteristic 
structiu*al features of tempered high-speed steel. 

High-carbon steels maintained for a considerable time at the 
"annealing temperature" will sometimes show evidence in their 
structure of the formation of graphite at the expense of the 
cementite. Such a steel is, of course, useless for most piuposes 
and particularly so for the piUT)oses for which high-carbon or tool 
steel is commonly used. Fig. 21 shows the structiu*e of a tool 
steel (approximately i per cent carbon) which was spoiled in this 
manner. 

Fig. 43 shows the structures which may be obtained by hardening 
a hypoeutectoid steel (carbon, 0.46 per cent) by quenching from 
different temperattues. When a temperature only slightly above 
the Aj transformation is used, considerable ferrite exists inter- 
mixed with the martensite, and the material has not been fully 
hardened. When quenched from above the Aj., transformation 
temperature, no ferrite remains, and a fine martensitic structure 
results. If a still higher temperature is used, the structure be- 
comes very coarse, and intercrystalline cracks often form upon 
quenching. The time interval for which the material is maintained 
at the temperature before quenching must, of course, be taken into 
consideration in work of this kind. 

Fig. 44 shows the structure of a steel cylinder, used as a con- 
tainer for compressed gas, which exploded during use. The 
specifications for this material required that the steel be tempered 
after hardening, the desired structure being shown in Fig. 44 fc. 
It is evident from the fact that the structure of the defective 



** H. Scott. Relation of the High-Temperature Treatment of High-Speed Steel to Secondary Hardening 
and Red Hardness. B. S. Sci. Papers, No. 395; i9aa 
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cylinder (at least at the end where failure occurred) was com- 
prised of martensite and troostite, that the tempering operation 
for this particular cylinder was omitted through some oversight, 
and that the subsequent failure of the material resulted from 
faulty heat treatment, although the cylinder successfully with- 
stood the required hydraulic-pressure test. 

Undesirable properties of steel are sometimes attributed to 
faulty heat treatment used for the material, a microscopic exami- 
nation of which shows that the cause is an entirely different one. 
A section of a forging of nickel steel intended for rifle parts was 



Fig. 44. — MiCToitmctute of a heat-treated steel container for cotnpretsed gai which failed 

in service. X 25° 
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submitted for examination. Difficulties had been encountered 
in drilling, and the attempt made to overcome these by various 
annealings of the material. The microscopic examination of the 
annealed piece revealed a martensitic core , while the outer portions 
were of the usual ferrite-pearhte structure (Fig. 45). Subsequent 
chemical analysis showed that the nickel content of the central 
portion was very much higher than that of the outer parts, enough 
so as to render the material martensitic even upon slow cooling. 
Evidently heat treatment could not be expected to improve the 
machining properties of such material; the remedy had to be 
sought in the melting practice used in the production of the steel. 
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An interesting example of a defect which may result in copper 
which has been improperly annealed, is shown in Fig. 46. The 
metal was rendered brittle and useless by numerous fine inter- 
crystalline cracks throughout the interior. This is to be attrib- 



I'lG. 45. — Slruclure of a defective nickel steel forging caused by improper melling practic 
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uted to the action of the atmosphere in which it was heated rather 
than to the temperature used. The particles of cuprous oxide, 
which are always present to some extent in remelted copper, are 
reduced by hydrogen or other reducing gases which readily pene- 
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trate the heated metal. The pressure of the gaseous products 
resulting from their action upon the oxide is sufficient to produce 
the internal cracks throughout the hot metal. 

2. SDPPLBHBNT TO CHEMICAL ANALYSIS 

Several instances have already been given to show how a knowl- 
edge of the structure of an alloy may be a very valuable aid in 
sampling the material for chemical analysis. This is particularly 
true for segregated alloys (Figs 2 and 16) and for those in which 
liquation readily occurs (Fig. 41). 



Fig, 46, — MicTOsiructure of copper which uai spoiled in annealing a 
nature of the surrounding almosphere, X lOO 



The microscopic method is of decided value in supplementing 
the chemical study of the various metallic coatings used for pro- 
tective purposes, particularly on iron and steels. In Fig. 47 the 
complex structure of a "brass" coating is shown. The coating 
in reality consists of three laj'ers, one of nickel and two of brass. 
It is evident that with this information in mind, the chemical 
determination of this coating can be carried out and interpreted 
in a much more logical way than without it. Fig. 47 b shows the 
duplex structure of electrolytic deposit of alternate layers of 
copper and nickel. The microscopic method may be used also 
in determining the thickness and distribution of the coating 
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material; although laborious, this method is often the only one 
available for such detennination. Fig. 48 illustrates an application 
of this. 

By means of microscopic studies of the constituents comprising 
the coating of tinned copper, an explanation has been found for the 
corrosion pitting of copper roofing which had been treated with a 
"protective" coating of tin, Fig. 49." One of the constituents 



Fig. 47- — Microstructure of complex metallic coatings produced by electrolytic dfposilion 

(a) CiDss HctioaoCi "brass" couIhe usfd tms st«lb>H: lhcc«tiiia coosisUol tliree layers, thciater- 
medutcoiw beioi ol aidtd ( X s«>);{J> ciosj 3«tiooo(and«lrolyticdfposit amsijtingolaUcrnatdajrcn 
of nickel (licht) and coDpa- (crystalliDe), the mcUl bcinj; depoited in the dinctino ihawD by Ok Drrow 
(X 100). Etching tpBumt. Bnunqnium hydroxide wid bydroicn peroiidc 

formed by the interaction of tin and copper is electronegative to 
copper, the two being in contact within an electrolyte, and thus 
it stimulates the corrosive attack upon the latter when the two 
are exposed simultaneously to corroding influences. Other appli- 
cations of the use of the metallographic microscope to the study 
of metallic coatings have been discribed in a previous publica- 
tion." 

*• P, D. Meiica. B. H. TtclL Pspers, No. 90. 

:o«llneafoillie RuilproofinBoHronond Su*!. 
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Because of the relatively higher price for wrought iron as com- 
pared with mild steel there is at times a tendency to "adulterate" 
this product with additions of the cheaper metals. While the 
chemical analysis will indicate in a general way when such additions 
have been made, the metallographic method is almost indis- 
pensable for quickly revealing the extent of such contaminations. 
Fig. 50 shows the appearance of a specimen of commercial wrought 
iron which has been suitably prepared to show the results pro- 
duced by the addition of low-carbon steel to material of this kind. 

Considerable importance is attached to the study of the occur- 
rence of gases in metals, and in particular those gases which are 
given off by steel when heated in vacuo. Among the principal 



Fig. 4S. — Varialion >» Ihicktuis of an flecirolytic line coating luch at may occur on flat 
ihttii after plating, determined by microscopic metuurementi 
The ihodcd partion rcpiesents Iht cnating drawn lo the (cale indicatnl by Ihc nrrow. Ibt Imflh ol whidl 
npimu OJ>M mm. The cross Btctiona of thr pktc upon which (he tDallnj was deposited are shown 
somewhat less than n&tural siu, the longer oike was a diat^Dnai section of h d-inch square plate, the shorter 
one wal a pamiki section H inch away 

gases obtained in this manner is c^l^bon monoxide. A study of 
the microstructure of specimens of steel after being heated in 
vacuo " shows that an appreciable decarburization occurs in 
such material, which fact throws considerable light on the origin 
of at least some of the evolved gases. Fig. 51 shows the condi- 
tion existing at the surface of a specimen of low-carbon steel 
(0.18 per cent carbon) after heating in vacuo above the trans- 
formation temperature. The carbon was removed for a consider- 
able depth at the surface. Evidently a chemical reaction, the 
reverse of that by which carburization of steel in the cementation 
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or casehardening process is brought about, occurred during the 
heating. In the usual process of carburization, carbon penetrates 
the metal as carbon monoxide, which later reacts with the iron to 
form iron carbide (cementite) and carbon dioxide, which diffuses 
outward from the metal. In the decarburization of steel in 
vacuo the carbon evidently leaves the metal as a gas; this would 
necessitate the presence in the material of oxygen in some form 
which, by a reaction with the carbide, forms the gas which is later 
removed by the action of the vacuum pump. Steels made under 



Flu. 49- — Appearance of the exposed surface of corroded tinned coppir iheating used for 
roofing purposes. X i 



widely varying conditions differ markedly in the amount of 
decarburization which occurs, as is to be expected , according to the 
amount of oxygen retained by the metal. The material shown in 
Fig- 51 was a laboratory specimen made by the addition of carbon 
to pure iron, no further additions being made for deoxidation or 
other purposes. Hence it might be expected that such material 
would decarburize much more rapidly when heated in vacuo than 
a steel which had been thoroughly deoxidized by the proper 
additions to the molten metal. 
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The chemical determination of "slag" in steel is, at its best, 
rather unsatisfactory. Even if good checks are obtained in dupli- 



FlG. 50. — Structure of wrought iron to which additions 0/ sled have been made 

NMc Ihe white stnaks a. Such sn appearance ahtt suiUbk etdlioi ii ituKativc of tti 
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Xk». (() HiaonructurEol metal of one of the lieht streaks old. Tht mRaIislDic-caibonit«L X loa 

cate determinations, the interpretation of the results is a matter of 
considerable difficulty. That this must be so is evident from Fig. 
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52, which shows the structure of a slag thread from wrought iron. 
The duplex nature of this simple slag is plainly shown, and it is 
evident in the case of the complex steels, in the manufacture of 
which the additions to the metal are often several in number and 
varied in composition, that the resulting "slag" must be cor- 
respondingly complex in its natiire. 

An illustration has already been given (Sec. IV, i; Fig. 15) 
suggesting how it is possible to estimate rather closely the percent- 
age composition of certain alloys with respect to certain elements 
from the structural appearance of the material alone, if the alloy 
is in the condition of stable equilibrium. This method is of 



Fig. 51, — Microsltttclure of an iron-carbon alloy which ii-as decarburiied by heating in 
vacuo. X JOO 
Note the abKDcc ol the bUdc cmstitucol (the curbso-tKariOE poniaii) [or  cansidnablr dinanct beknr 
thenirlaa. Thcs[Kciinen(s.igper«atcirbDii) wis hated lor jominulcs at 76s* Cud cooled in vnciui. 
The emu section sho¥K the dlsuncc from the turfiin to which the carbon haa bim nmoved; etddus 
leeml. > per cent alcoholic solution ol nitrir add 

importance from a practical standpoint in the estimation of oxy- 
gen in copper, a determination which, if carried out by chemical 
means, is very tedious and time consuming. Oxygen in copper 
exists in the form of cuprous oxide, which is soluble in the molten 
metal and upon cooling separates as the copper-copper oxide 
eutectic (Fig, 57) (3.45 per cent cuprous oxide; melting point, 
1063° C.) in a manner exactly similar to certain metals, for exam- 
ple, silver and copper. From an estimation of the relative amount 
of the eutectic in cast copper, a rather close value of the percentage 
of oxygen present can be computed from the microstructure. 
Nickel is similar to copper in the formation of an oxide eutectic. 
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The microscope is often an indispensable means for detennin- 
ing the rdle played by certain additions made to alloys in the 
course of their preparation. This is true particularly for steels. 
Thus an examination of the structure of titanium-treated steels 
shows that this element, titanium, in the quantities usually 



Flc. 53. — MicroiirucluTt of wrought iron showing the complex nature of the tlag 
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added to steel, does not alloy with the metal in the sense that 
many added elements do. Its r61e is to free the metal of unde- 
sirable substances present and then leave the metal in the 
slag, carrying the detrimental substance combined with it. It 
appears to be especially active in combining with nitrogen. 
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Fig. 17 shows one of the characteristic inclusions found in steel 
which has been treated with titanium. Zirconium appears to 
act in a manner similar to that of titanium when added to steel 
in small amounts, in that it frees the metal from some undesir- 
able substance (not necessarily nitrogen) and then escapes from 
the metal in some combined form in the slag. The inclusions 
which are found in zirconium-treated steel are of a very char- 
acteristic shape and yellow color (Fig. 53). On the other hand, 
the primary rflle of other added elements is to react with the steel 
and to modify the properties, either of the ferrite as in the case 
of nickel, or of the carbide as in the case of chromium. 



Fig, 53. — MicrostTuctwe of steel la which addilions of ziiconium have been rruuU. X 500 
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The form in which certain elements occur in steel and their 
distribution throughout the metal are often of much more im- 
portance, as far as the properties of the metal are concerned, 
than the percentage of the element present. This has already 
been pointed out in the case of sulphur (Sec. IV, i). Phosphorus 
in the amount usually present in iron and steel exists in solid 
solution in the ferrite. The distribution is often far from imi- 
forra throughout the metal (Fig. 5), and even within the indi- 
vidual crystals the distribution may be far from uniform, as is 
shown in Fig. 54, 
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Fig. 54. — Microilruclute of XLrought iion of high phasphotus content, shiywing the lack of 
unifotm distribution of Ihii element even within the individual crystaU. y. 100 
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3. CONTROL OP METALLURGICAL OPERATIONS AND PRODUCTS 

A knowledge of the structure of an alloy, particularly a new 
one, will often aid materially in carrying out the mechanical 
working of the material satisfactorily. Fig. 55 shows the struc- 
ture of a boron steel (Fig. 55 a — carbon, 0.16 per cent; boron, 
0.49 per cent; nickel, 2.82 per cent; Fig. 55 b — carbon, 0.16 per 
cent; boron 0.39 per cent). When the attempt was made to roll 
these steels under the same conditions used with satisfactory 
results for steels of similar composition but containing no boron, 
the metal crumbled and cracked badly in the rolls. Indeed, 
some ingots were so brittle that they broke under their own 
weight when carried from the furnace to the rolls. By heating 
the ingots for a suflSciently long time until considerable coales- 
cence of the eutectic occurred, and by reducing the temperature 
of the ingot somewhat, no unusual difficulties on working the 
metal were encountered. In a similar way oxide films and similar 
inclusions within a metal will often prevent such materials from 
being worked. In such cases a preliminary treatment of the 
molten metal must be made, usually a deoxidation treatment, 
for removing these undesirable features. Nickel is a good ex- 
ample; unless the metal is treated with magnesium or a similarly 
acting substance, it can not be satisfactorily rolled or worked hot 
in any way. 

The conditions iinder which metals are cast have an important 
bearing upon the properties of the resulting castings. The ex- 
amination of the microstructure often reveals features due to 
this cause which render the metal entirely unfit for use, although 
from a surface in^Jjection the metal would be considered suitable 
for use. Fig. 3 shows a section of a large steel casting for a 
rudder frame which, although it had received the specified heat 
treatment and had been passed by the inspectors, broke during 
shipment, before it was ever put into use. The metal, which 
contained numerous inclusions and pores, though refined as to 
grain size by suitable heat treatment, still retained the initial 
dendritic or ingot structure because of the included impurities, 
and thus also the accompan3ang inferior properties. Tempera- 
ture of casting has also an important effect on the properties of 
cast metal. If too cold, numerous '*cold shuts,*' oxide films, and 
similar undesirable features are apt to occur on account of the 
sluggish flow of the metal. Fig. 56 illustrates such a condition 
in cast bronze. On the other hand, if too hot, a very coarsely 
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Fro. ss.—Microitruclure of low carbon steeU to which additions of boron have been 
madt. X 500 

(a) Section of ui iniot ol boron KrI Hblch broke in Ihe rolls and amid not be woikcd. The udditko 
of the boron nu^cd the fomutioD of the eutectic flhown: ctchinv reaffoit, 3 per c«at alcoholic solntku of 
nitric add. (i) Longitudinal section ol  rolled plate of boron steel, showini the coalacmcc ol the 
eutectic which his occurred. Etchiiu rcacoit. bol alkaliiie Boluticn of sodium picimte. This reeECDt 
colon the caibide a dork brown and scmetime) ooulv UMk 



84 Circular of the Bureau of Standards 

crystalline state results, the sand of the mold is rapidly eroded^ 
and particles may be inclosed within the metal, gases absorbed 
by the metal during the overheating may be released, thus giving 
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rise to inferior castings, and undue segregation will readily occur 
in large castings during the very slow cooling. 

The microscope is often valuable in determining the nature of 
certain metallurgical products masquerading under misleading 
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names. Thus, for example, the nature of wrought iron can be 
established with certainty by this means, "semisteel" can be 
shown to be only a particular grade of cast iron, having none of 
the characteristic properties of steel. An interesting example 
which may be cited is that of a specially prepared copper, adver- 
tised and sold as a deoxidizer for copper and other alloys. The 
examination of the material showed that the deoxidizer itself 
contained very appreciable amounts of cuprous oxide {Fig. 57). 
The "special treatment" given the material to render it a deoxi- 
dizer was not sufficient to prevent oxidation of the metal from occur- 
ring during the process of treatment. It appears plainly evident, 



Fic. 57. — Mkroilrucluie of a proprUlary copper alloy recotnmended by Ikt "inventor" 
for purposes of deoxidation of various alloyi. X 500 



then, that such a substance can have no appreciable deoxidizing 
effect uponan alloy to which it might be added. From time to time 
the Bureau of Standards has received for examination numerous 
specimens designated as " hardened copper," considered, according 
to the maker, as a rediscovery of "the lost art of tempering cop- 
per." A microscopic examination, supplemented at times by a 
simple chemical analysis, is usually sufficient to show the nature 
of the hardening process. A favorite method, probably unwit- 
tingly carried out, is to manipulate the melting process so that 
the metal becomes contaminated with oxide. This results in a 
much harder metal, but of course renders it unsuitable for the 
purposes for which copper is used. 
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Certain metallitrgical processes are most readily and surely con- 
trolled by means of examinations of the structure of the product 
at various stages of the process. The manufacture of malleable 
iron offers a good example of this,'* as does also its converse, the 
cementation process. The structural changes which occur during 
such processes as welding " and oxyacetylene cutting of metals 
affe,ct the properties of the materials often to a very marked 
extent. Fig. 58 shows a block of steel which has been cut by the 
oxyacetylene flame. The metal has been affected to a very 
appreciable depth. An examination of this specimen after it 
had been annealed showed that the surface change in the metal, 
which at first sight may be mistaken for a carburized layer. 



Fig. 58. — MacTosiructun of a steel block showing surface changes caused by cutling the 
tUtl by means of the oxyacetylene flame. X r 

cncks to Incm in Ihe steel. It liaaal»[ound special sppllcnCioD lor thcniriuchirdminE of stecL Btch- 

w^ls the result of the "quenching" action of the cold interior 
upon the hot metal at the surface after the removal of the flame. 
This special application of the action of a flame upon steel has 
been perfected and patented for the surface hardening of complex 
steel shapes, which would be distorted or would crack if hardened 
in the usual manner. 

In the study of the mechanical working of metals it is often 
necessary to follow the material through the various stages 
through which it passes. In this connection the chemical un- 
homogeneity of metal, as has been indicated previously, serves 
a useful purpose; this is true in particular for phosphorus segre- 
gation, as this element diffuses extremely slowly so that the 
"flow lines" are clearly shown by its presence (Fig. 5). Other 

" Enrique Toncedo, "Researrh work oo nulleable iron." Mcdiuiical Eneineerina Jounul. 41. p. »i; 
BH. R. RnrdDD. R c. C.roebeck. and L. Jordu. ElectrioArcWeldinsof Steel— Promtleiol tbcAio 
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structural features often answer the purpose in other alloys; 
thus, as is shown in Fig. 59, certain discontinuities within a 
wrought round bar of Monel metal were clearly shown by the 
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characteristic ' ' work lines ' ' to have had their origin while the metal 
was in a plastic state and not to have been produced by any 
breatment given the material subsequently by the user. 
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4. CONSTRUCTION OF CONSTITUTIONAL DIAGRAMS 

In the construction of the constitutional or equiKbrium diagram 
of any alloy system, microscopic examination of the various 
preparations forms an important part of the study. Although 
the data obtained by the thermal study form the basis of the 
work by furnishing the framework of the diagram, there are many 
features which must be checked by other means and some which 
can be determined by microscopic study only. The horizontal 
lines of a constitutional diagram are, in general, readily estab- 
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Fig. 6o. — Portion of the constitutional diagram of the copper-aluminum and of the 
magnesium-aluminum alloy system illustrating the use of microscopic examinations in 
the preparation of such diagrams 

lished by the method of thermal analysis; the vertical ones, those 
which mark the composition boundaries of structural ''fields," 
depend almost entirely upon the microscopic study. An example 
of this use of the microscope is illustrated in Fig. 60, which shows 
how the limit of solubility of certain of the intermetallic com- 
pounds which occur in aluminum alloys was determined by the 
method of prolonged heating of specimens at certain temperatiu"es 
followed by microscopic examination of the heated sp)ecimens. 
The matter of solubility of these compounds is of very considerable 
importance in connection with the subject of the hardening of 
aluminum alloys upon aging.'® The microscopic method is also 



*> p. D. Merica, R. G. Waltenbctg, and H Scott, The Heat Treatment of Duralumin, B. S. Sd. Papeis, 
No. 347; 19x9. 
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used extensively in verifying the conclusions tentatively arrived 
at as a result of the data obtained by thermal analysis or other 
means. 

5. FAaURE OF METALS IN SERVICE 

The investigation of the failure of metals which has occurred 
during service requires d Hvi^i^, and comprehensive knowledge of 
the properties and structure of metals, both sound and defective. 
The microscope has proved a very valuable aid in such studies 
and the structure often reveals evidence bearing upon the cause 
of failure which the ordinary methods of testing fail to detect. 
To discuss the relation of the microstructure to the failure of 
metals is impossible here; brief references only to a few specific 
cases will be used as examples. 

Fig. 61 shows the appearance of a fracture which occurred in 
service in a lo-inch steel shafting. The fracture had the charac- 
teristic appearance of a '* detail' * or fatigue break which started 
in the angle of a keyway. The examination of the structure 
showed that it was almost a perfect one for such a failure; that is, 
for the particular composition of steel used (Fig. 616). Evidently 
the material had received no annealing treatment whatever for 
grain refinement after the forging of the shaft was completed. 
The large crystals with their prominent Widmanstattian structure 
are almost perfect, so far as failure to withstand repeated or 
vibratory stresses is concerned. 

Fig. 62 shows the appearance of the fractiired face of a Mtmtz 
metal bolthead which dropped off in service **of its own accord." 
Examination of the microstructure showed that the failure 
was the result of selective corrosion of the j8-constituent, local- 
ized at the apex of the angle between the shank and head 
and accelerated by the service stress carried by the bolt. It can 
readily be shown '^ that corrosion of such alloys at the apex of 
a narrow groove (Fig. 63) is much more intense than elsewhere 
in the same material when the specimen is subjected to a tensile 
stress while surrounded by the corroding agent — for example, sea 
water. This behavior is to be attributed to the fact that the 
stress carried was not distributed equally in all cross sections, but 
was much higher at the bottom of the V groove than elsewhere. 
Under the combined action of corrosion, of the sea water and 
the service tensile stress carried by the bolt, the portion of the 



» H. S. Rawdon. Typical Cases of the Deterioration of Muntz Metal by Selective Corrosion, B. S. Tech. 
Papers, No. xoj. P. D. M erica. Failure of Brass: a— Effect of Corrosion on the Ductility and Strength ol 
Brass, B. S. Tech. Papers. No. 83. 
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Fig. 6i. — Slruclure 0/ a steel shafting which failed i> 
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Fio. 61. — SlrueiuT€ of a brass (Munli melitl) boll which faikd % 
being corroded TnhiU stressed in teTision 

(a) Fractured fet-: ol the boll hrad whirh dropped off ol it- '■"- .-w,..! v . 
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fracture x-x' was gradually produced ; this has the appearance of 
a "detail" or fatigue break. When the cross-sectional area 
became small enough so as to break under the applied loading 
the central portion broke as a simple tensional break. The 
microstructure of the two portiotu qq^finpis this; in the portion 
x-x' the /3 constituent at the extreme edge of the fracture showed 
evidence of deterioration by dezincification, while in the central 
portion the alloy was sound and unchanged up to the extreme 
edge of the fracture. 



Fla. 63. — Microstructure of corroded Xlunli metal, illustrating the effect of s, 
localizing lh» corrosive action of this alloy. X 25" 
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Fig. 16 illustrates a failure which occurred in a railroad rail 
on account of the poor quality of the steel used. The rail showed 
evidence of a high degree of segregation, the portion adjacent to 
the split which occurred being of approximately 1.2 per cent 
carbon content, while the outer was much nearer the normal com- 
position. Under the high pressure of the wheel loads the hard 
central streak was gradually shattered and the break extended 
until the split through the entire head of the rail resulted. There 
can be no doubt that the highly segregated nature of the metal wjts 
responsible for the failure in this case. It is not to be inferred. 
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however, that as a rule all segregated rails fail in service. The 
degree of segregation and the intensity and character of the 
service stresses decide. 

6. SERVICE DETERIORATION OF ALLOYS 

It sometimes happens that a metal or an alloy used for some 
specific purpose deteriorates, usually in a chemical way, tmder 
the peculiar conditions to which it is exposed, although for other 
purposes and for other conditions the material is suitable in 
every respect. An illustration of such deterioration is shown in 
Fig. 64, which represents an alloy essentially of aluminum and 
zinc (zinc, 85 per cent) used as a cover for a fuse box. The ma- 
terial was used in a tropical climate, and hence was exposed to 
conditions of high humidity and temperature, and the cover, 
originally flat, warped severely and bent out of shape. The 
surface showed characteristic *' alligator" cracks. Fig. 64 c and d 
shows the appearance of two test specimens of a somewhat similar 
alloy intended for die castings after exposure to dry and to moist 
heat (100° C). Heat, in the absence of moisture, had no appre- 
ciable effect upon the material; the specimen retained its initial 
dimensions and shape. However, the sample exposed to the 
combined action of heat and moisture rapidly deteriorated by 
permanent expansion and distortion of the piece. An appre- 
ciable increase of hardness also accompanied this change. Micro- 
scopic examination showed that the eutectic was the portion 
attacked; presumably oxidation took place with accompanying 
incnease of volume, the presence of moisture being necessary for 
this change to occur. 

A somewhat similar change sometimes occurs in the filling 
used for fusible boiler plugs. The filling prescribed for such 
plugs is very high-grade tin. The presence of. impurities in 
small amounts, particularly zinc, has been fouiid**'.to stimulate 
the oxidation of the tin filling so that in time the plug filling 
becomes a hard infusible mass of oxide as shown in Fig. 65. 
In this case, as the above, the eutectic is the constituent which 
is most rapidly attacked and oxidized under the combined action 
of heat and moisture. A very considerable increase in volume 
accompanies the change in the tin filling of such plugs. 

A somewhat different type of deterioration is illustrated in 
Fig. 66. The terminals in spark plugs are very often made of 

" G. K. BuTsess and P. D. Mcrica, An Investigation of Fusible Tin Boiler Plugs, B. S. Tech. Papers, 
No. 53. 
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nickel wire; these nickel terminals show more or less deteriora- 
tion in all 'Spark plugs on account of the high temperature and 



Fig. 65. — Slruclure of safely boiler plugs -jhich deleriotated in service 
NolclbFvcry coasjdcrBbli^iDcrcav ia volume oEtlw fiUiofoJ the pLuf nhjcfa resulted from the dctcTior*- 
tkii. ia) Lonjtitudjiial smiim of a "^ety" plug, to the deterlmljon of which wa» a1tribut«l the 
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perhaps other conditions accompanying their use. This deterio- 
ration consists of an intercrystalline network which may in time 
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develop into visible intercrystalline fissures or cracks. A study " 
was made of various t3rpes of spark plugs, and it was found that 
in plugs of certain design the nickel terminals were subject to 
more or less tensional stress while hot, and in such cases the de- 
terioration was very pronounced— very deeply penetrating cracks 
formed which soon severed the entire wire. It was shown by 
the microscopic examination of similar wires which had been 
subjected to the combined action of tensional stress and heat 
that the material deteriorated in a manner identical in appear- 
ance with that of the terminals of the spark plugs in service 
(Fig. 66 c, d, and e), 

7. MISCELLAI^OUS 

A knowledge of the microstructure of metals and alloys is also 
useful in a great number of miscellaneous ways, of which the 
following are mentioned as interesting and typical examples. 

(a) ELECTROLYTICA1.LY Deposited Metals. — Fig. 67 shows the 
structm-e of copper which has been deposited electrolytically 
under different conditions of current density, and also the same 
materials after annealing. Copper deposited slowly forms rela- 
tively large regular crystals which change little, if any, upon 
subsequent annealing. On the other hand, copper deposited at 
higher ciurent densities forms smaller and more irregularly shaped 
crystals, many of which are twinned. Upon annealing, such 
deposits behave exactly like copper which has been previously 
distorted by cold working.** The metal recrystallizes, grain 
growth follows, and the structure presents an entirely diflFerent 
appearance from that of the metal as deposited. It has been 
previously shown (Sec. IV, 2, b) that a change in the energy 
content of a metal by means of permanent distortion by cold 
working or similar means is a necessary condition for recrystal- 
lization of that metal upon annealing. It would appear, then, 
that metals deposited electrolytically may differ very materially 
in this same respect, according to the conditions under which 
they are laid down. 

(6) Brinell Hardness Tests. — ^An irfteresting practical appli- 
cation of a knowledge of the microstructure of steel is illustrated 
in Fig. 68. This shows how advantage may be taken of the 
etching properties of the material of the steel ball used in the 

** H. S. Rawdon and A. I. Krynitzky, A Study of the Deterioration of Nickel Spark-Plug Electrodes 
in Service, B. S. Tech. Papers, No. 143; 1920. 

** H. S. Rawdon, "Note on the occurrence and significance of twinned crystals in electrolytic copper, " 
Am. Inst, of Metals, 10, p. 198; 19x6. 
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Brinell hardness test in order to obtain a higher degree of accuracy 
in the results when testing hard materials. The impression 
of the ball upon the surface of a hard metal, particularly if the 
latter is polished, is very indefinite, and the measuring of the 
diameter of the impression is a matter of considerable uncertainty. 
The ball used for the piu^wse consists practically always of a 
chromium steel of such a composition that in the hardened state 
it contains free carbide in the form of numerous rounded particles. 
By etching the ball slightly before use (2 minutes' immersion in i 
per cent alcoholic nitric acid) the " flowed metal" on the polished 
surface is removed, and the hard carbide particles are revealed. 
An impression made with such an etched ball upon a polished 
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surface of a hardened steel is very much more conspicuous than one 
obtained with a polished one (Fig. 68 b) . When the high pressure 
is applied, the carbide particles produce a multitude of tiny pits 
over the surface of the indentation of the ball, thus giving a " mat 
finish" to the indentation which aids very materially in defining 
its limits. 

(c) Workability of Metals. — The successful behavior of 
metals in automatic devices for turning out finished articles, for 
example, the manufacturing of screws in an automatic lathe, 
depends largely upon the ability of the material to produce turn- 
ings which are essentially brittle and break easily so that no clog* 
ging results. Such a material is readily obtained in the case of 
steel by the addition of sulphur to the metal and in brass by the 
addition of lead. Both of these additions, lead in brass and sul- 
phide in the steel, exist as small isolated particles which break up 
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the continuity of the metal so that long twisted turnings do not 
result. The appearance of the structure of metal used for such 
purposes is shown in Figs. i8 and 69. 

The structure of a malleable-iron casting, in the automatic 
machining of which considerable difKculty was experienced, is 
shown in Fig, 70. The malleableizing process was carried to such 
an extent that a relatively thick surface layer of ferrite was formed 
on the casting. This constituent (pure iron) is soft and has very 
inferior machining properties. 

(d) Service Temperature of Metals. — A record of the tem- 
perature attained by some metals during service, for example, in 
bearings, is sometimes recorded in the metal itself. Fig. 7 1 shows 
the appearance of a bearing 

bronze which became over- 
heated in service. The structure 
of the metal at the heated sur- 
face was found to be identical 
with that of the same bronze 
quenched from a temperature 
slightly above 500° C. At this 
temperature (approximately 500° ^^^- 70— Ma(roi(ft«(are 0/ a maiUabu- 
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the initial structure and the same after quenching from a tem- 
perature above that of the eutectoid transformation that the 
surface metal was heated to a temperature at least above that 
of the eutectoid transformation and then suddenly chilled by the 
mass of cooler metal backing it. Similar cases are encountered 
in steel and other alloys which undergo a structural transforma- 
tion upon heating. 

(e) Stress Distribution in Mechanical Test Specimens. — As 
previously stated (Sec. IV, 2, b), recrystallization of metals upon 
annealing necessitates a previous distortion of the crystals, 
usually by cold working. An interesting application of this fact 
to the study of the distribution of stress in specimens used for the 
various mechanical tests has been suggested by Chappel.*' The 
specimen, which should be annealed first to remove any traces of 

*CCliappd."RivTysuUit»iiniiif defannc(li[Tni."J. Imn and Steellnst, 8S. p, 460; 1914. 
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previous crystalline distortion, is tested and then annealed at a 
relatively low temperature, which in the case of steel must be 
below the transformation temperature. Recrystallization and 
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grain growth will occur throughout the metal, the size of grain 
acquired differing, however, in different portions according to the 
stress to which the material was previously subjected. The 
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structure of the annealed specimen reveals then in an interesting 
qualitative way the distribution of the stress to which tlie specimen 
was subjected. The method gives most interesting results in the 
case of those tests in which a pronounced difference in the stress 
distribution occurs, such as the impact or shock tests. 

Vn. INFORMATION REGARDING TESTS 

1. REPORTS 

In general the Bureau will not in a formal report express an 
opinion as to the suitability of any metal or alloy for any specific 
purpose, this restriction to apply to proprietary alloys in particular. 
The results of the examination by which the properties and the 
structure of the material are determined will be given. Photo- 
micrographs will be accompanied by statements as to the various 
constituents which are shown and the conditions under which 
the examination was made. In describing the microstructure of 
iron and steel the Bureau will conform, in general, to the Nomen- 
clature of the Microscopic Substances and Structures of Iron and 
Steel, recommended by the sixth congress of the International 
Society for Testing Materials. 

2. TESTS 

For a proper and thorough understanding of any alloy and its 
properties a series of examinations is usually necessary — chemical, 
mechanical, thermal, and microscopic, as well as others for special 
piu-poses. In general, chemical analyses will be made by the 
Biu"eau for individuals, only in cases of dispute or when some 
question of very considerable scientific or technical importance 
is involved. 

Most of the tests which the Bureau is called upon to make in 
connection with the physical metallurgy of metals are, with few 
exceptions, of a special nature, each one involving considerable 
investigation. The Bureau is equipped for studying in detail 
the methods of preparation of alloys and metals, the shaping of 
such metals by suitable mechanical working, and the properties 
of the resulting products, together with such related subjects as 
have a direct bearing upon these different processes. Such 
phases of the preparation of metals, as ore dressing, smelting 
processes, and the like, are not included. The Bureau of 
Standards' examination begins with the metal as such. The 
various metallurgical examinations which the Bureau is equipped 
for carrying out are listed below. 
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